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ABSTRACT 

Conventional gr inding  methods are harsh  and produce dramatic  changes 
i n  c o a l .  When c o a l ,  i n i t i a l l y  a t  room temperature ,  is  ground i n  t h e  pres-  
ence of a i r ,  t h e  h igh  l o c a l i z e d  temperatures  produced are known t o  cause 
both t h e  product ion of gases  and s u r f a c e  oxida t ion .  These p e r t u r b a t i o n s  
make meaningful measurements on t h e  product  v e r y  d i f f i c u l t .  A technique 
t h a t  minimizes t h e s e  e f f e c t s  is t h e  p u l v e r i z a t i o n  of c o a l  i n  l i q u i d  n i t r o -  
gen. Compared with convent ional  methods, t h e  process  i s  rap id  and appears  
t o  b e  less d e s t r u c t i v e  chemical ly .  ESCA measurements suppor t  t h i s  con- 
c l u s i o n .  Surface o x i d a t i o n  i s  s i g n i f i c a n t l y  reduced by t h i s  mild t r e a t -  
ment. The method produces more p a r t i c l e s  below 38 microns than does con- 
v e n t i o n a l  gr inding  and these  f i n e  p a r t i c l e s  are l e s s  prone t o  agglomera- 
t ion .  

The c rushing  of  c o a l  p r e s e n t s  a c o n s i d e r a b l e  cha l lenge  t o  t h e  experi-  
m e n t a l i s t  i n t e r e s t e d  i n  obta in ing  v a l i d ,  r e p r e s e n t a t i v e  measurements of 
coa l  p r o p e r t i e s .  From the  moment t h e  c o a l  is broken from t h e  mine f a c e ,  
i t  begins  changing i t s  phys ica l  and chemical  p r o p e r t i e s .  Not t h e  l e a s t  of 
t h e s e  a l t e r a t i o n s  are  t h e  evolu t ion  of gases  and s u r f a c e  oxida t ion .  By 
the  t i m e  t h e  c o a l  reaches  t h e  l a b o r a t o r y ,  i t  has  undergone changes com- 
parable  t o  t h o s e  i t  w i l l  exper ience  en r o u t e  t o  gasificationlliquefaction 
p l a n t s .  To t h i s  e x t e n t ,  t h e  l a b o r a t o r y  a n a l y s t  is d e a l i n g  with a m a t e r i a l  
s i m i l a r  t o  t h a t  used i n  these  i n d u s t r i a l  p rocesses .  However, f u r t h e r  
gr inding  of t h e  c o a l  f o r  l a b o r a t o r y  purposes  can modify t h e  coa l  s i g n i f i -  
c a n t l y .  Radd, Care l  and Hamming' have shown t h a t  o l e f i n i c  gases a r e  
evolved dur ing  the  process ,  presumably as a r e s u l t  of t h e  gr inding  process  
i t s e l f .  This  sugges ts  t h a t  convent iona l  g r i n d i n g  processes3  '' a r e  harsh  

i n c r e a s e  of r e a c t i v e  s u r f a c e s  i n  a n  o x i d i z i n g  environment f u r t h e r  modify 
t h e  c o a l  and make i t s  s i m i l a r i t y  t o  t h e  m a t e r i a l  encountered by t h e  engin- 
e e r s  more remote. Thus, every e f f o r t  must be  made t o  minimize t h e s e  

.and produce important  changes i n  c o a l .  The product ion  of h e a t  and t h e  

'On s a b b a t i c a l  l e a v e ,  P h i l a d e l p h i a  Col lege  of Pharmacy and Sc ience ,  

2F. 3 .  Radd, A. B. Care l  and M. C. Hammi-ig, submit ted t o  Fuel. 

3G. C. Lowrison, "Crushing and Grinding,"  But te rwor th ,  p. 33,  1974. 

4D. I. Hurth,  L. S. Sundae and C. W. S c h u l t z ,  U.S.B.M.R.I. 8069, 

P h i l a d e l p h i a ,  Pa. 
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e f f e c t s .  A technique d iscovered  independent ly  i n  t h i s  l a b o r a t o r y  and 
r e c e n t l y  repor ted  elsewhere5 ' a p p e a r s  t o  achieve  t h i s .  

EXPERIMENTAL WORK 

Air-dr ied c o a l  (approximately 0 . 6 5  c m  s t o c k )  is placed i n  a Dewar 
f l a s k  conta in ing  l i q u i d  n i t r o g e n .  A l l  bu t  a few mi l l i l i t e rs  of  t h e  l i q u i d  
n i t rogen  a r e  decanted and t h e  deep-frozen coa l  is t r a n s f e r r e d  r a p i d l y  t o  a 
hammermill. The i s s u i n g  product ,  cons iderably  below room temperature ,  i s  
c o l l e c t e d  i n  a p l a s t i c  bag and is surrounded by n i t r o g e n  vapors r i s i n g  
from t h e  c o a l .  This  is i n  c o n t r a s t  t o  gr inding  using a mini -ba l l  m i l l  
(Wiggle-bug Model LP60) where t h e  i s s u i n g  coa l  is hot t o  t h e  touch. The 
ground samples are quick ly  t r a n s f e r r e d  t o  a s i e v e r *  f o r  s i z i n g  and s e a l i n g  
€or  l a t e r  experimentat ion.  

RESULTS AND DISCUSSION 

While gr inding  of polymeric  m a t e r i a l s  a t  reduced temperatures  has  been 
noted i n  t h e  Engl ish l i t e r a t u r e , 3  t h i s  l a b o r a t o r y  i s  unaware of  any such 
s tudy on c o a l .  
suggest  many p a r a l l e l s  t o  t h i s  work. These papers  have been rece ived  and 
a r e  being t r a n s l a t e d .  

Recent a b s t r a c t s  i n  Japanese' and Russian6 p u b l i c a t i o n s  

That precool ing  the c o a l  to  l i q u i d  n i t r o g e n  temperature  produced dra- 
matic e f f e c t s  on t h e  ground product  is evident  from Table I. Samples (100 g) 
of I l l i n o i s  No. 6 coa l  w e r e  ground under a v a r i e t y  of condi t ions :  namely, 
i n  a i r  a t  ambient tempera ture ,  w i t h  d r y  ice ,  and i n  l i q u i d  n i t rogen .  The 
ground c o a l  was r a p i d l y  s ieved  i n t o  f r a c t i o n s  between 500 and 90 microns, 
between 90 and 38 microns,  and a f r a c t i o n  below 28 microns. The l a t te r  
f r a c t i o n  was f u r t h e r  analyzed w i t h  a Coul te r  C o ~ n t e r ~ ' ' ~  and t h e  r e s u l t s  
were presented  i n  Table  I. Whereas r e g u l a r  gr inding ,  i . e . ,  a t  i n i t i a l  
ambient temperature  i n  a i r ,  r e s u l t e d  i n  a p a r t i c l e  s i z e  d i s t r i b u t i o n  t h a t  
averages n e a r  t h e  90 micron s i z e ,  those  gr indings  a t  reduced tempera tures  
produced average p a r t i c l e s  c l o s e r  t o  t h e  38 micron s i z e .  Nearly a t h i r d  
of t h e  c o a l  t h a t  w a s  f reeze-ground i n  l i q u i d  n i t r o g e n  passed t h e  38-micron 
s i e v e  compared w i t h  7.7 percent  f o r  t h e  r e g u l a r l y  ground c o a l .  These per-  
centages a r e  remarkably reproducib le .  Furthermore, t h e  Coulter  Counter 
s tudy of t h e  p a r t i c l e  d i s t r i b u t i o n s  showed the  most probable  p a r t i c l e  s i z e  
i n  t h i s  f r a c t i o n  t o  be 28 microns € O K  t h e  r e g u l a r  gr ind  and 18 microns f o r  

'E. Nakanichi and K. Toyota te  Funsa i  (Micromeri t ics)  la, 94 (1973) v i a  
Chem. Abstr. 81. 171948. 

'T. Khrenkova, V .  Lebedev, N. Goldenko and G. Glovina, Khim.  Tverd. 
Topl. 1975, 11; v i a  Chem. Abs t r .  8 3 ,  13132. 

7Micropulver izer  6731431, S l i c k  Company, Summit, N. J. 

8Type 03.501 #720 Manufactured by Alf red  F r i t c h  f o r  t h e  Geos Corpora t ion .  

'T. Al len ,  " P a r t i c l e  S i z e  Measurement," 2nd ed . ,  John Wiley & Sons, 

lowe are indebted  t o  F. Radd, C o n t i n e n t a l  O i l  Company, Ponca C i t y ,  OK 

N.Y.. 1975. 

for t h e s e  ana lyses .  

2 



h 
0 

g 
2 
iK 
m 

71 
4 

m 
! 
0 

e d 

71 
H a l  U 

w 8 4  
e l 0  

s 2  
m 
8 
d 
U 

P d 

Y U 

d 

m 
N d 

m 

m 
n 

C 

rl Y 
U 

2 
* h  

Y o m  ? U  

I C  

a 0  
N U  

m u  
mu 
-Id 

4 0  
n a  
n u  
E -  
Y 
m 

0 
m M  + 
0 O M  
In 
I 

w 
0 0 YI 

' M  

z 
84 

d 

W rl 

6 

U Y u o m Y I  
P I N W m m  
m u m u u  
. . . . .  

b m o o m  
Y I N h N O  
m m N N N  
. . . . .  

l N l l d  
1 . 1 1 .  
1 0 1 1 0  

ae 0 

x n 

8 
d 
u 
0 

w 

d 
m 

5 
W 

0 

W 

Y 

c 
4 
U 
4 Y 

E 
4 
M M 

4 
3 
al 
8 
Y 

U u4 
4 

s 0 rl 

h a 

8 
d U 
0 

Y +I 

d 
m 

5 
a 
U 

a 
Y 

8 
d U 
4 

0 

d 
M 

2 
% s 
g 
m 

Y 



t h e  l iquid-ni t rogen-ground coa l .  The f r a c t i o n  ground a t  d ry  ice  tempera- 
t u r e  w a s  n o t  subjec ted  t o  Coul te r  Counter a n a l y s i s  b u t  might be ex  ec ted  
t o  be in te rmedia te  s i n c e  t h e  s i e v e  c l a s s i f i c a t i o n  is in te rmedia te .  e 

It  should be noted t h a t  care must be  exerc ised  both i n  Khe g r i n d i n g  
process  and i n  handl ing of t h e  ground product .  Considerable  l o s s  of  u l t r a -  
f i n e  c o a l  d u s t  w a s  ev ident  dur ing  t h e  gr inding .  For h e a l t h  reasons  a s  w e l l  
as f o r  s c i e n t i f i c  s tudy,  i t  would b e  advantageous t o  recover  t h e s e  c o l l o i d -  
a l  p a r t i c l e s ,  which could b e  a most va luable  f r a c t i o n ;  p o s s i b l y  a shrouded 
m i l l  could be used. The s u r f a c e  p r o p e r t i e s  of t h e  -38 micron f r a c t i o n s  
were cons iderably  d i f f e r e n t  Khan t h o s e  o f  o t h e r  f r a c t i o n s .  A second s i e v -  
ing f o r  a longer  per iod ( t h i r t y  minutes  v e r s u s  t h e  o r i g i n a l  t e n  minutes)  
showed t h a t  f o r t y  percent  of t h e  r e g u l a r l y  ground c o a l  f a i l e d  t o  pass  t h e  
38 micron s c r e e n ,  whereas a l l  b u t  t e n  p e r c e n t  of t h e  l iquid-ni t rogen-ground 
c o a l  d i d  so. Of course,  one r e c o v e r s  more of  t h e  -38 micron f r a c t i o n  w i t h  
f u r t h e r  i n c r e a s e s  i n  s i e v i n g  time, bu t  t h i s  i s  l i k e l y  due t o  t h e  a b r a s i v e  
na ture  of t h e  s i e v i n g  process  i t s e l f .  Thus, i t  appears  t h a t  t h e  c o a l  ground 
with l i q u i d  n i t r o g e n  i s  n o t  on ly  more f r i a b l e ,  bu t  i s  less prone t o  
agglomeration. 

Even under t h e  mild gr inding  c o n d i t i o n s  produced by l i q u i d  n i t r o g e n ,  
some i n t e r a c t i o n  with oxygen w i l l  occur .  Coal has  t rapped i n  i t s  i n n e r  
pores' 'lo s i g n i f i c a n t  q u a n t i t i e s  of  gases ,  about  e ighteen  percent  of which 
i s  oxygen. These gases  a r e  not  removed by pumping under vacuum, b u t  prob- 
ab ly  a r e  r e l e a s e d  dur ing  t h e  g r i n d i n g  opera t ion .  
be d isp laced  by t r e a t i n g  t h e  c o a l  wi th  methanol, shown by Fugassi" t o  
swel l  t h e  coa l  s t r u c t u r e .  Experiments performed i n  t h i s  l a b o r a t o r y  show 
t h a t  methanol r e l e a s e s  t h r e e  t o  t e n  cc of  g a s ,  predominantly a i r ,  a t  STP per  
t e n  grams of I l l i n o i s  c o a l .  The enormously increased  s u r f a c e  produced when 
a 0.65-cm c o a l  fragment ( s u r f a c e  a r e a  -2.5 cm2) is reduced t o  25  micron 
cubes on edge ( s u r f a c e  area 600 cm2) can scavenge a s i g n i f i c a n t  f r a c t i o n  
of the  oxygen l i b e r a t e d  by t h e  g r i n d i n g  process .  

Some of t h e s e  gases  can  

Such a dramatic  i n c r e a s e  i n  s u r f a c e  a r e a  caused by e f f i c i e n t  gr inding  
might be expected t o  r e s u l t  i n  major d i f f e r e n c e s  i n  the  ESR spectrum of t h e  
ground product .  However, no d i f f e r e n c e s  i n  the  s p e c t r a  of c o a l  ground i n  
l i q u i d  n i t r o g e n  and of c o a l  ground i n  a i r  were observed i n  any of t h e  
s ieved f r a c t i o n s .  Aging of c o a l  ground i n  a i r  d id  produce an i n c r e a s e  i n  
ESR absorp t ion ;  presumably t h i s  w a s  due t o  oxygen uptake.  A s tudy  of t h i s  
phenomcnon is planned i n  t h e  near  f u t u r e .  

T h e  most in format ive  and s t a r t l i n g  experiment t h a t  d i s t i n g u i s h e d  t h e  
products  o f  t h e  two gr inding  methods involved sedimentat ion r a t e s  i n  a 
po lar  so lvent  mixture  (1:l toluene-methanol) .  Samples (0.5 g) of -38 
micron f r a c t i o n s  from t h e  r e g u l a r  gr ind and t h e  l iqu id-n i t rogen  gr ind were 
suspended i n  f i f t y  cc  of t h e  s o l v e n t  mixture .  
ground sample had a smal le r  p a r t i c l e  s i z e ,  i t  s e t t l e d  o u t  about  100 t imes 
as f a s t  as t h e  r e g u l a r l y  ground c o a l .  

Although t h e  l iqu id-n i t rogen-  

Because t h i s  s t r i k i n g  d i f f e r e n c e  

, 

"5. A. Solomon and R. J. i n r i g h t ,  Proceedings 8 t h  B i e n n i a l  Conference 

"J. P. F u g a s s i  and M. M i t c h e l l ,  Jr., "Coal Science,'! Adv. Chem. Ser. 

of  t h e  I n t e r n a t i o n a l  B r i q u e t t i n g  Assoc ia t ion ,  pp. 61-71, Denver, CO.,  1963. 

55 ,  400 (1966). 
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p e r s i s t s  f o r  s e v e r a l  weeks, i t  r e f l e c t s  permanent changes i n  t h e s e  samples. 
Our i n t e r p r e t a t i o n  i s  t h a t  the  r e g u l a r l y  ground c o a l  experienced e x t e n s i v e  
oxida t ion  dur ing  t h e  gr inding  and developed a more p o l a r  s u r f a c e  which 
i n t e r a c t s  more s t r o n g l y  wi th  t h e  methanol ic  s o l v e n t  so t h a t  t h e  s e t t l i n g  
r a t e  i s  reduced. Regardless  of whether t h i s  explana t ion  i s  c o r r e c t ,  t h e  
experiment i n d i c a t e s  a d r a s t i c  d i f f e r e n c e  i n  t h e  sur face-so lvent  i n t e r -  
a c t i o n  f o r  these  d i f f e r e n t l y  ground c o a l  samples. The toluene-methanol 
e x t r a c t s  of t h e s e  samples a r e  be ing  analyzed by HPLC f o r  f u r t h e r  comparison. 
An a l t e r n a t i v e  explana t ion  t h a t  is not  supported by ESCA analyses  (v ide  
i n f r a )  i s  t h a t  t h e  product  ground i n  l i q u i d  n i t r o g e n  i s  less homogeneous, 
and r e s u l t s  i n  more of t h e  dense a s h  i n  t h e  -38 micron f r a c t i o n .  However, 
s i n c e  t h i s  f r a c t i o n  was near ly  a t h i r d ' o f  t h e  sample and g r e a t l y  exceeds 
t h e  ash  conten t  of I l l i n o i s  No. 6 c o a l ,  it could provide only a p a r t i a l  
explana t ion  f o r  t h e  rap id  s e t t l i n g  r a t e  of t h e  l iquid-ni t rogen-ground c o a l .  

The -38 micron f r a c t i o n s  of air-ground and l iquid-ni t rogen-ground 
c o a l  were submit ted f o r  ESCA a n a l y s i s  us ing  a Hewlett-Packard Model 59508 
photoe lec t ron  spectrometer  equipped wi th  a n  aluminum anode. 
were h e a v i l y  coated on double  s t i c k y  t a p e  and were evacuated overn ight  t o  
-1 x t o r r  p r i o r  t o  a n a l y s i s .  Charging e f f e c t s  wece minimized by f lood-  
ing  t h e  sample wi th  e l e c t r o n s  and b i a s i n g  i t  s l i g h t l y  nega t ive .  The d a t a  
a r e  presented i n  F igures  1 and 2 where t h e  50K (counts  per  inch)  survey 
scans show an oxygen carbon r a t i o  of 0.48 f o r  t h e  air-ground c o a l  and a 
0.25 r a t i o  f o r  t h e  l iquid-ni t rogen-ground c o a l  (us ing  s tandard  s e n s i t i v i t y  
f a c t o r s ) .  Because of t h e  low pressures  involved and sample handl ing 
procedures ,  t h e  oxygen a n a l y s i s  is be l ieved  t o  r e p r e s e n t  chemical ly  bound 
oxygen and not  adsorbed oxygen.13 F u r t h e r ,  t h e  5 K  i n s e r t  scans  show t h a t  
t h e r e  is not  a s i g n i f i c a n t  concent ra t ion  of silicon, aluminum, o r  s u l f u r  
i n  t h e  l iquid-ni t rogen-ground c o a l .  I f  an enrichment i n  these  elements  
occurred,  i t  w a s  i n  t h e  air-ground f r a c t i o n .  F i n a l l y ,  i t  should be ob- 
served t h a t  n i t r o g e n  incorpora t ion  onto  t h e  c o a l  s u r f a c e  dur ing  gr inding  
w a s  n e g l i g i b l e .  
n i t r o g e n  i n  both samples. This  is c o n s i s t e n t  wi th  t h e  macroscopic e lementa l  
a n a l y s i s .  These s p e c t r a ,  coupled wi th  t h e  observa t ion  t h a t  t h e  ESCA 
a n a l y s i s  f o r  oxygen i n  t h e  l iquid-ni t rogen-ground sample (-20%) compares 
favorably wi th  t h a t  by neutron a c t i v a t i o n  (19.55 ? 0.16%)" sugges ts  
t h a t  t h e  l iquid-ni t rogen-ground c o a l  s u r f a c e  more a c c u r a t e l y  r e p r e s e n t s  
t h e  bulk o r  macroscopic s t r u c t u r e  of t h e  c o a l .  

The samples 

The 5K i n s e r t  scans  sugges t  1 . 2  f 0 .1  atom-percent of 
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DETERMINATION OF TETRALIN AND NAPHTHALENE I N  A COAL-DERIVED SOLVENT 

R. J. Hurtubise  
J. F. Schabron 

Department of Chemistry 

and 

H. F. S i l v e r  

Mineral Engineer ing  Department 
The U n i v e r s i t y  of  Wyoming 
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In t roduct ion  

There are a v a r i e t y  of methods c u r r e n t l y  i n  u s e  f o r  t h e  s e p a r a t i o n  and 
c h a r a c t e r i z a t i o n  of components i n  c o a l  l i q u i d s .  Most involve f r a c t i o n a t i o n  
i n t o  var ious  c l a s s e s  of compounds which are s u b j e c t e d  t o  f u r t h e r  a n a l y s i s .  
Sternberg etal. (1,2) d iv ided  c o a l  conversion products  i n t o  asphal tenes  and 
o i l s .  These main c o n s t i t u e n t s  were f u r t h e r  subdivided by column chromatography 
and p r e c i p i t a t i o n .  S l i g h t l y  modi f ied  s e p a r a t i o n  and c h a r a c t e r i z a t i o n  methods 
developed by t h e  Bureau of Mines - API Research P r o j e c t  60 f o r  c h a r a c t e r i z i n g  
heavy ends of petroleum were used s u c c e s s f u l l y  i n  ana lyz ing  c o a l  l i q u i d  d i s t i l -  
l a t e s  w i t h i n  t h e  b o i l i n g  range 200' t o  540'C ( 3 ) .  Farcas iu  (4) developed an 
a l t e r n a t i v e  scheme based on s e p a r a t i o n  of  f r a c t i o n s  o f  d i f f e r e n t  chemical  
f u n c t i o n a l i t y  us ing  s e q u e n t i a l  e l u t i o n  of t h e  f r a c t i o n s  from s i l i c a  g e l .  
Process  s o l v e n t s  and l i q u e f a c t i o n  products  were separa ted  i n t o  s a t u r a t e s ,  
aromatics ,  and v a r i o u s  p o l a r  m a t e r i a l s  w i t h  n e u t r a l  alumina by S c h i l l e r  (5) 
and then subjec ted  t o  GC/MS a n a l y s e s .  
permeat'on chromatography v a r i o u s  c o a l  l i q u i d  f r a c t i o n s  were s t u d i e d  by quant i -  
t a t i v e  'H and 1 3 C  Four ie r  t ransform nuclear  magnet ic  resonance techniques  by 
Dorn et. (6,7).  Raw an thracene  o i l  w a s  separa ted  using c a t i o n ,  an ion ,  and 
complexation chromatography by Scheppel le  9. ( 8 , 9 ) .  They s t u d i e d  some of 
t h e  f r a c t i o n s  wi th  low- and h i g h - r e s o l u t i o n  f i e l d  i o n i z a t i o n  mass spectrometry.  
Pra ther  et. (10) used high-performance l i q u i d  chromatography (HPLC) t o  char- 
a c t e r i z e  c r e o s o t e  o i l  dur ing  hydrogenation/hydrodesulfuriz.ation of t h e  o i l .  

A f t e r  p r e p a r a t i v e  s e p a r a t i o n  us ing  g e l  

T e t r a l i n  is important  i n  t h e  s t u d y  of  t h e  hydrogen donor c a p a c i t y  of  
recyc le  s o l v e n t s  (11, 12-14). A measure of t e t r a l i n  i n  r e c y c l e  s o l v e n t s  can be 
obtained by gas- l iqu id  chromatography using a Dexi l  300 l i q u i d  phase t o  o b t a i n  
s imulated boi l ing-poin t  d i s t r i b u t i o n s  (11). This  type  of approach is u s e f u l  
bu t  can r e s u l t  i n  complex chromatograms and i s  s u b j e c t  t o  i n t e r f e r e n c e s  (15). 

In t h i s  s tudy a n  a n a l y t i c a l  method w a s  developed t o  determine s p e k i f i c a l l y  
t e t r a l i n  and naphthalene i n  a Wyodak coal-der ived s o l v e n t  from t h e  Southern 
Serv ices  Inc.  SRC p l a n t  l o c a t e d  a t  W i l s o n v i l l e ,  Alabama. Severa l  o t h e r  hydro- 
aromatic  and p o l y c y c l i c  a romat ic  hydrocarbons were a l s o  separa ted  from t h e  
so lvent  and i d e n t i f i e d .  Aluminum o x i d e  open-column chromatography, p-Bondapak 

I 
I 

I? 
I 

II 
I 
i 

1 
IJ 
1 

8 



C18 high-performance liquid chromatography and fluorescence spectroscopy were 
combined to give qualitative and quantitative information on tetralin and 
naphthalene in the coal-derived solvent which was hydrogenated under different 
conditions. 

Experimental 

Apparatus. 
AL.C/GPC 244 equipped with a model 6000-A pump, a U6K injector, and a free 
standing ultraviolet detector set at 254 nm. A stainless steel tube 11 cm x 
0.23 mm I . D .  attached to the exit port of the detector cell was used in sample 
collection. 
rate of 1 ml/min was employed, and a 10 mv recorder completed the system. 

The high-performance liquid chromatograph used was a Waters model 

A u-bondapak c18 column with methano1:water (65:35) at a flow 

The columns used in open column chromatography were 50 cm x 11 mm I . D .  
Pyrex (Corning 112145) and were dry packed to a height of 35 cm with aluminum 
oxide activity 11-111 according to Brockmann (aluminum oxide from I.C.N. Life 
Sciences, Cleveland, Ohio and Brinkmann, Westbury, N.Y. were used interchange- 
ably). Columns packed with silica gel (Brinkmann) were prepared in the same 
manner. 
thin-layer chromatography (TLC) work with n-hexane as the mobile phase. 

Reagents. Pure grade (99% min) n-hexane was obtained from Phillips Chemical. 
Glass distilled methanol from Burdick and Jackson, and glass distilled water 
were filtered prior to mixing. 

Brinkmann ALOX N / W  254 thin-layer chromatoplates were used in the 

Naphthalene (99+%) and Tetralin (99%) were obtained from Aldrich and 
used as received. 
able sources and were purified when necessary. 

Recycle Solvents. Recycle solvent from the liquefaction of Wyodak Coal at 
Wilsonville, Alabama (designated F-1) was hydrogenated at 2000 psi initial 
hydrogen pressure at 700'F for 1 hr over a Co-Mo on A1203 catalyst (Nalcoma 
471). The product was designated F-2. Hydrogenation of the original solvent 
at 3000 psi initial hydrogen pressure at 800'F for 1 hr over the same cata- 
lyst resulted in a product designated F-3. 
three solvents was from 177-427°C (350-800'F). 

Procedures. 

Preparation of samples with no hexane insolubles (F-3). 
brought to volume with n-hexane in a 100 ml volumetric flask. Aliquots of 
25 ml were added to each of three 50 ml volumetric flasks. Standard additions 
of 50 mg and 100 mg each of tetralin and naphthalene were added volumetri- 
cally to two of the flasks, respectively. All three flasks were diluted to 
volume with n-hexane. 
onto the top of each of three aluminum oxide columns. 
with n-hexane. Work with standards showed that the tetralin was eluted 
totally in the first 15 ml (Fraction 1) and the naphthalene in 15-55 ml 
(Fraction 2). Fraction 1 was collected in a 25 ml volumetric flask and Frac- 
tion 2 in a 50 ml volumetric flask, each flask diluted to the appropriate 

All other chemicals were obtained from commercially avail- 

The nominal boiling range of the 

20 g of sample was 

Aliquots of 1 ml of each of the solutions were pipetted 
Elution was performed 
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volume w i t h  n-hexane. 

P r e p a r a t i o n  of samples w i t h  hexane i n s o l u b l e s  (F-1 and F-2). Hexane i n s o l u b l e s  
c o a t  t h e  volumetr ic  g lassware  when t h e  sample s o l u t i o n  i s  less than  about  25% 
w / v  i n  n-hexane. The volume displacement  was found t o  b e  approximately 0 . 5  m l  
f o r  a 20 g sample. To minimize t h i s  source  of e r r o r ,  a s o l u t i o n  of 20 g sample 
i n  approximately 120 m l  n-hexane was made and s w i r l e d  i n  a s e a l e d  f l a s k .  
A f t e r  a t  l e a s t  two hours ,  most of the s o l i d  material coated t h e  f l a s k ,  and the 
remaining s o l u t i o n  w a s  r i n s e d  i n t o  a 250 m l  vo lumetr ic  f l a s k ,  then made up to 
volume. 
a d d i t i o n  q u a n t i t i e s  were 20 mg and 50 mg f o r  b o t h  t e t r a l i n  and naphthalene.  
Aliquots  of 2 m l  were p i p e t t e d  onto  t h e  aluminum oxide  columns and F r a c t i o n  1 
and F r a c t i o n  2 c o l l e c t e d .  

Determination of t e t r a l i n  and naphtha lene .  Determinat ion of t e t r a l i n  i n  F-1, 
F-2 and F-3 w a s  accomplished by a n  i n j e c t i o n  of 10 v1 of  each of t h e  unknown 
and two s tandard  a d d i t i o n  s o l u t i o n s  onto  t h e  p-bondapak c18 column wi th  t h e  
d e t e c t o r  a t  0.01 absorbance u n i t s .  The h e i g h t s  of t h e  t e t r a l i n  peaks were a l l  
measured and w e r e  "normalized" t o  t h e  peak h e i g h t  of t h e  only o t h e r  predomin- 
a n t  chromatographic peak i n  F r a c t i o n  1 which w a s  i d e n t i f i e d  a s  indan.  This  
i n t e r n a l  r e f e r e n c e  peak r e p r e s e n t e d  a c o n s t a n t  amount of indan present  i n  t h e  
unknown and two s tandard  a d d i t i o n  s o l u t i o n s  f o r  a given sample. Normalizat ion 
of a l l  t h e  t e t r a l i n  peak h e i g h t s  t o  a c o n s t a n t  indan peak h e i g h t  compensated 
f o r  the  non-reproducible  i n j e c t i o n s  i n h e r e n t  i n  t h e  HPLC system. A s tandard  
a d d i t i o n  curve w a s  prepared by p l o t t i n g  peak h e i g h t  v s  mg 
The line i n t e r s e c t i n g  t h e  peak h e i g h t  a x i s  w a s  e x t r a p o l a t e d  t o  zero  peak 
he ight  t o  o b t a i n  t h e  t e t r a l i n  c o n c e n t r a t i o n  i n  t h e  prepared so luc ion .  From 
t h i s  va lue  t h e  percentage  t e t r a l i n  was c a l c u l a t e d  (F igure  1). 

Three a l i q u o t s  of 25 m l  each were prepared as b e f o r e ,  b u t  the s tandard  

t e t r a l i n  added. 

I n j e c t i o n s  of  10 ~1 at  0 .1  absorbance u n i t s  were used f o r  t h e  determina- 
Peak h e i g h t s  w e r e  normalized t o  t h e  predominant peak a t  t i o n  of naphthalene,  

18 .4  m l  e l u t i o n  volume, which was b e l i e v e d  t o  be  composed mainly of biphenyl  
and 2-methylnaphthalene. The percentage  naphthalene w a s  c a l c u l a t e d  i n  t h e  
same manner a s  t e t r a l i n .  

Peak i d e n t i f i c a t i o n .  
i n j e c t e d  onto t h e  p-bondapak C18 column, and peaks c o l l e c t e d  d i r e c t l y  i n t o  a 
1 x 1  cm q u a r t z  c u v e t t e .  F i n a l  volume w a s  made up t o  3-4 m l ,  and f luorescence  
e x c i t a t i o n  and emission s p e c t r a  taken .  Spec t ra  were then  compared wi th  s tan-  
dard  s p e c t r a  t a k e n  from s t a n d a r d s  r u n  through t h e  aluminum oxide-HPLC system. 

Resul t s  and Discuss ion  

I n i t i a l  Experiments. 
v-bondapak c18 columns used s i n g l y  or  connected i n  series wi th  methano1:water 
(70:30) as  a mobile  phase a t  1 ml/min. 
f o r  chromatographic peak i d e n t i f i c a t i o n ,  as very  d i l u t e  samples can be ana- 
lyzed wi thout  any p r e c o n c e n t r a t i o n  s t e p s .  
t e t r a l i n  were separa ted  on t h e  p-bondapak C18 columns and were c o l l e c t e d  from 
20 U1 i n j e c t i o n s  of t h e  f i r s t  50 m l  of n-hexane e l u t e d  from b o t h  s i l i c a  g e l  
and aluminum oxide  columns charged wi th  approximately 100 mg of  F-1. 
escence s p e c t r a  showed two components p r e s e n t  i n  t h e  chromatographic sample 

An a p p r o p r i a t e  amount of sample o r  s tandard  s o l u t i o n  w a s  

I n i t i a l  e x p l o r a t o r y  work was performed wi th  one o r  two 

Fluorescence s p e c t r a  were employed 

Samples thought t o  c o n t a i n  

Fluor-  
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c o l l e c t e d  a t  t h e  e l u t i o n  volume f o r  t e t r a l i n .  T e t r a l i n  was one component 
w i t h  a n  emission maximum a t  286 nm, and an unknown, w i t h  emiss ion  m a x i m a  a t  
324 and 339 nm. 
t i n g  t h e  emission monochromator a t  360 nm. 
maxima with t h e  maxima of s e v e r a l  publ ished u l t r a v i o l e t  a b s o r p t i o n  Spec t ra  
(16) l e d  t o  t h e  assumption t h a t  t h e  unknown w a s  a n  a l k y l - s u b s t i t u t e d  naphtha- 
l e n e .  It was later i d e n t i f i e d  as acenaphthene by f l u o r e s c e n c e  spec t roscopy.  
In order  t o  remove this  i n t e r f e r e n t ,  two s e p a r a t e  f r a c t i o n s  had t o  be  c o l l e c -  
t e d ,  one conta in ing  t e t r a l i n  and t h e  o t h e r  acenaphthene. 
and aluminum oxide  columns, prepared as b e f o r e ,  were i n v e s t i g a t e d .  
assumed t h a t  i n  both systems t e t r a l i n  would e l u t e  f i r s t  and naphthalene 
would e l u t e  s l i g h t l y  b e f o r e  acenaphthene. The d e s i r e d  s e p a r a t i o n  would, there-  
f o r e ,  provide a f r a c t i o n  c o n t a i n i n g  a l l  t h e  t e t r a l i n  ( F r a c t i o n  l), and a 
second f r a c t i o n  conta in ing  naphthalene and acenaphthene ( F r a c t i o n  2) .  

Approximately 10 mg each of t e t r a l i n  and naphthalene were placed on top  of 

An e x c i t a t i o n  spectrum of t h e  i n t e r f e r e n t  w a s  t aken  by set- 
Comparing t h e  unknown's e x c i t a t i o n  

Both s i l i c a  g e l  
It was 

i n d i v i d u a l  columns packed wi th  each adsorbant .  
m l ,  d i l u t e d  t o  an a p p r o p r i a t e  volume, and absorbance d a t a  obta ined .  R e s u l t s  
were p l o t t e d  as percentage  of t h e  t o t a l  absorbance of a l l  samples a t  273 nm f o r  
each sample v s  m l  e l u t e d  (F igures  2 and 3 ) .  98.5% of t h e  t e t r a l i n  e l u t e d  from 
t h e  aluminum oxide  column b e f o r e  t h e  naphthalene s t a r t e d  t o  e l u t e ,  w h i l e  on ly  
44.2% e l u t e d  from s i l i c a  g e l  before  naphthalene s t a r t e d  t o  elute. Thus, alum- 
inum oxide provided a r e l a t i v e l y  c l e a n  s e p a r a t i o n  of t e t r a l i n  and naphthalene,  
whereas s i l i ca  g e l  d i d  not .  
thene wi th  t h e  aluminum oxide  system, samples cor responding  t o  t h e  chromato- 
graphic  peaks a t  t h e  e l u t i o n  volume of t e t r a l i n  from a p-bondapak C18 column 
were c o l l e c t e d  f o r  bo th  F r a c t i o n s  1 and 2 from F-1. F luorescence  e x c i t a t i o n  
and emission s p e c t r a  were obta ined  f o r  each sample. The f l u o r e s c e n c e  s p e c t r a  
ind ica ted  t h e  chromatographic peak from F r a c t i o n  1 w a s  t e t r a l i n ,  and t h e  
chromatographic peak from F r a c t i o n  2 gave a f l u o r e s c e n c e  e x c i t a t i o n  and e m i s -  
s i o n  s p e c t r a  i d e n t i c a l  t o  acenaphthene (F igures  4-7). These r e s u l t s  i n d i c a t e d  
t h a t  t e t r a l i n  was separa ted  from acenaphthene. 

Samples were c o l l e c t e d  every 5 

To check i f  t e t r a l i n  was s e p a r a t e d  from acenaph- 

' Sample s i z e  s t u d i e s  w e r e  performed wi th  aluminum o x i d e  columns wi th  F-1. 
Sample s i z e s  of  1000, 500, and 200 mg overloaded t h e  column t o  t h e  e x t e n t  t h a t  
naphthalene w a s  p r e s e n t  i n  F r a c t i o n  1. Acenaphthene w a s  a l s o  p r e s e n t  i n  
Frac t ion  1 wi th  sample s i z e s  of 1000 and 500 mg, b u t  n o t  200 mg. Sample s i z e s  
of 100 and 50 mg r e s u l t e d  i n  a c l e a n  s e p a r a t i o n  of t e t ra l in  and naphthalene 
wi th  no i n t e r f e r e n c e  from acenaphthene.  

P r e c i s i o n  and Accuracy of t h e  Method. The p r e c i s i o n  of t h e  method f o r  f i v e  
r e p l i c a t e  de te rmina t ions  of t e t r a l i n  and naphtha lene  on F-3 was  q u i t e  good, 
y i e l d i n g  r e s u l t s  at t h e  95% confidence l e v e l  of 6 .11 t 0.030% f o r  t e t r a l i n  and 
6.36 f 0.043% f o r  naphthalene (Table I) .  

Resul t s  of a n a l y s i s  of F-1, F-2, and F-3 a t  two d i f f e r e n t  sample s i z e  
l e v e l s  i l l u s t r a t e  t h e  absence of any s i g n i f i c a n t  c o n s t a n t  e r r o r  (Table 11). 
The average r e s u l t s  f o r  naphthalene i n  F-1 and F-2 were i d e n t i c a l  f o r  two d i f -  
f e r e n t  s'ample s i z e s ,  and t h e  o t h e r  t e t r a l i n  and naphtha lene  r e s u l t s  showed 
no s i g n i f i c a x t d e v i a t i o n .  Spiking experiments  f o r  each sample a t  two l e v e l s  
of t e t r a l i n  and naphthalene i n d i c a t e d  good percentage  recovery  (Tables  111 
and I V ) .  The pre t rea tment  f o r  removal of hexane-insolubles  from F-1 and F-2 
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described in Experimental did not appear to cause any significant loss of 
tetralin and naphthalene. 

Identification of Tetralin, Indan and Naphthalene. Chromatographic peaks cor- 
responding to tetralin, indan, and naphthalene each from F-1, F-2 and F-3 were 
all collected from the pbondapak c18 column after separation on aluminum 
oxide columns. The fluorescence excitation and emission spectra were obtained 
and were compared with excitation and emission spectra of standards treated 
chromatographically in an identical manner (Figures 8-11). Comparison of the 
sample excitation and emission spectra with the corresponding standard excita- 
tion and emission spectra shows very good comparison for the respective 
compounds. The fluorescence excitation and emission spectra of tetralin 
(Figure 4 )  and indan (Figure 8) are identical. However, because of the chroma- 
tographic systems used these compounds are separated completely. These results 
show how fluorescence spectroscopy can be used in combination with chromatogra- 
phic techniques in the analysis of complex samples like coal-derived solvents. 

Internal Reference Standard. A basic assumption in using an internal reference 
peak from the sample chromatogram for the standard addition method is the 
reference peak represents the same amount of internal reference compound in all 
solutions used in a determination and thus the same chromatographic peak heights. 
At one point a new batch of aluminum oxide was used and erratic reference peak 
heights in the naphthalene fraction were noticed. The collection of Fraction 2 
was made from 15-50 ml, and a change to 15-55 ml rectified the problem indicating 
that all the internal reference compound was not obtained in the first collection 
As a precaution against nonuniformity within a given standard addition series, 
the amount of aluminum oxide placed in the glass column was weighed, and was 
kept uniform for a given batch of adsorbant. Chromatograms of both Fractions 1 
and 2 from F-1 show the positions of the internal reference peaks, tetralin 
peak and naphthalene peak (Figures 12 and 13). The peak corresponding to indan 
was the internal reference for Fraction 1, and the peak for biphenyl and 
2-methylnaphthalene was the internal reference for Fraction 2. 

Limits of detection were calculated at maximum detector absorbance settings 
of 0.01 for tetralin and 0.1 for naphthalene. 
settings is minimal, the smallest practical measurable peak height was chosen 
arbitrarily to be 2 mm. Typically observed standard addition curve slopes of 
10 mm/mg for tetralin and 17 mm/mg for naphthalene were used. 
sample, this would correspond to limits of detection for the method as described 
of 0.2 mg tetralin, or 0.2% tetralin, and 0.1 mg naphthalene, or 0.1% naphtha- 
lene. These limits could be lowered by increasing the detector sensitivity or 
concentrating the hexane fractions. 
these limits. 

Since baseline noise at these 

For a 100 mg 

All anticipated samples fall well above 

Rf Values and Retention Volumes of Several Hydroarornatic and Polycyclic A;omatic 
Hydrocarbons. Rf values from thin-layer chromatography and retention volumes 
from HPLC for the compounds studied are given in Table V. Aluminum oxide separ- 
ations with the appropriate mobile phase occur mainly by aromatic ring number 
(17). 
strongly. 
(18). 
generally increase with increasing carbon number on columns of Zipax Permaphase 

Compounds with the greater number of aromatic rings are retained more 

It has been shown that the retention volumes of aromatic hydrocarbons 
The separation mechanism on a u-bondapak c18 column is not as clear 
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ODS i n  water-methanol mixed s o l v e n t s  (19 ) .  The r e t e n t i o n  volumes of s u b s t i -  
t u t e d  a l k y l  d e r i v a t i v e s  of aromatic  compounds i n d i c a t e d  t h a t  t h e s e  compounds 
separa ted  wi th  i n c r e a s i n g  . a l i p h a t i c  carbon number. 
information a s  t o  t h e  p a r e n t  compound t y p e ,  approximate c a p a c i t y  f a c t o r s  are 
d i f f i c u l t  t o  e s t i m a t e  (19) .  

However, without  p r i o r  

The Rf va lues  and r e t e n t i o n  volumes obta ined  i n  t h i s  work (Table  V) sug- 
g e s t  t h e  p o s s i b i l i t y  of developing an o v e r a l l  c h a r a c t e r i z a t i o n  scheme f o r  
aromatic  and hydroaromatic  hydrocarbons in coal  l i q u i d  samples. This  i s  pres-  
e n t l y  under i n v e s t i g a t i o n .  
of i n i t i a l  s e p a r a t i o n  wi th  aluminum oxide .  For example, wi th  t h e  compounds 
i n  Table  V ,  four  main f r a c t i o n s  could b e  i n i t i a l l y  s e p a r a t e d  w i t h  aluminum 
oxide.  These f r a c t i o n s  would c o n t a i n  compounds 1-6, 7-19, 20-22, 23-25 res- 
p e c t i v e l y .  Fur ther  s e p a r a t i o n  of each f r a c t i o n  wi th  p-bondapak C18 would 
g i v e  almost complete s e p a r a t i o n  of each compound i n  a g iven  f r a c t i o n .  Phenan- 
threne  and f l u o r e n e  would have n e a r l y  t h e  same r e t e n t i o n  volumes and 2-methyl- 
naphthalene and b iphenyl  would have n e a r l y  t h e  same r e t e n t i o n  volumes. 
However, wi th  re f inements  i n  t h e  chromatographic systems,  i t  should be p o s s i b l e  
t o  achieve complete s e p a r a t i o n  of t h e s e  compounds. 

Also t h e  d a t a  i n  Table  V i n d i c a t e  t h e  importance 

The r e s u l t s  i n  Table  V show t h a t  i t  w a s  necessary  t o  o b t a i n  two f r a c t i o n s  
from t h e  coal-der ived s o l v e n t s  t o  de te rmine  t e t r a l i n  and naphthalene.  Acenaph- 
thene and t e t r a l i n  have i d e n t i c a l  r e t e n t i o n  volumes on p-bondapak C18, t h u s  
n e c e s s i t a t i n g  t h e  i n i t i a l  s e p a r a t i o n  s t e p  wi th  aluminum oxide.  
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Table I 

Precision of the Method with F-3 

Sample weight, mg Tetralin, %w/w Naphthalene, %wfw 

97.92 

97.92 

97.92 

96.67 

96.67 

6.08 

6.13 

6.10 

6.10 

6.14 

6.36 

6.40 

6.38 

6.31 

6.34 
- 
x = 6.11 

s = 0.024 

- 
x = 6.36 

s = 0.035 

95% confidence l eve l  

tetral in:  6 . 1 1  f 0.030% 

naphthalene: 6 . 3 6  2 0.043% 
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Sample 

F-3 

F-2 

F-1 

Weight, mg 

96.67 
96.67 
48.93 
48.93 

81.20 

81.20 
43.61 
43.61 

85.29 
85.29 
44.24 
44.24 

Table I1 

Variation of Sample Size 

Tetralin, Xwfw 

6.10 
6.14 
6.13 
6.15 

2.71 
2.73 
2.77 
2.73 

2.24 
2.32 
2.24 
2.28 

Average Naphthalene, %wfw Average 

6.31 

6.12 6.34 6.32 
6.40 

6.14 6.36 6.38 

16 

2.72 

2.15 

2.28 

2.26 

7.09 

7.03 7.06 
7.08 
7.04 7.06 

7.27 
7.33 7.30 
7.28 
7.32 7.30 



Table I11 

Percentage Tetralin Recovery i n  Spiked Samples 

Sample Weight, rng Tetralina Tetralin Tetralinb Recovery, X 
Present, Added, Found, 

mg mg mg 

F- 3 95.79 5.86 0.96 0.96 100 
95.79 5.86 0.96 1.01 105 

96.67 5.92 2.41 2.33 97 
96.67 5.92 2.41 2.46 102 

z = 101 
- 

F-2 

F-1 

86.32 2.36 0.77 0.77 100 
86.32 2.36 0.77 0.74 96 
84.60 2.32 1.93 1.98 10 2 
84.60 2.32 1.93 1.91 99 

x = 99 
- - 

84.98 1.93 0.78 0.72 92 
84.98 1.93 0.78 0.73 94 
81.02 1.84 1.95 1.92 98 
81.02 1.84 1.95 1.89 97 

x = 95 

%esults obtained from the standard addition method. 

bResults corrected for original te tra l in  content present i n  the 
sample. 
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Sample 

F- 3 

F- 2 

F-1 

Table  I V  

Percentage Vaphthalene Recovery i n  Spiked Samples 

Weight, mg Naphthalenea Naphthalene Naphthaleneb 
P r e s e n t ,  Added, Found, 

mg mg mg 

95.79 6.09 0.87 0.85 
95.79 6.09 0.87 0.83 
96.67 6.15 2.18 1.98 
96.67 6.15 2.18 2.02 

86.32 6.09 
86.32 6.09 
84.60 5.97 
84.60 5.97 

0.70 
0.70 
1.75 
1.75 

84.98 6.20 0.69 
84.98 6.20 0.69 
81.02 5.91 1.73 
81.02 5.91 1.73 

m 
1 
1 
1 

B 

I' 

Recovery, % 

98 
95 
91 
93 

average  94 
- 

0.65 93 
0.71 101 
1.81 103 
1.80 103 

average  100 

0.68 99 
0.66 96 
1.66 96 
1.69 98 

average 97 
- 

% e s u l t s  ob ta ined  from s tandard  a d d i t i o n  method. 

bResul t s  c o r r e c t e d  f o r  o r i g i n a l  naphtha lene  conten t  p r e s e n t  
in t h e  sample. 
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Table V 

Rf Values and Retention Volumesa of Hydroaromatic 
and Polycyclic Aromatic Hydrocarbons 

Compound 

benzene 

1,2,4-trimethylbenzene 

1-phenyldodecane 
tetralin 

indan 

5-methyltetralin 

indene 

naphthalene 

acenaph thene 

1,5-dimethylnaphthalene 

1-methylnaphthalene 

biphenyl 

2-methylnaphthalene 

2,3-dimethylnaphthalene 
l-phenyl-3,4-dihydronaphthalene 

9,lO-dihydroanthracene 

acenaphthylene 

9,lO-dihydrophenanthrene 

[2.2] paracyclophane 
fluorene 

anthracene 
phenanthrene 

pyrene 
f luoranthene 

chrysene 

Rf Value 

-- 
-- 
-- 
0.74 
-- 
-- 
0.55 

0.50 

0.44 

0.43 

0.43 

0.43 

0.42 

0.40 
0.38 

0.34 
0.32 

0.27 

0.24 

0.20 

0.14 

0.13 
0.069 
0.056 

0.054 

Retention Volume, ml 

6.3 
19.5 

No indication of elution 
21.5 
14.8 

33.0 

10.5 

11.7 

21.5 

26.8 

17.6 

18.3 
18.4 

27.3 
55.2 

26.1 
14.6 

30.3 
32.8 

28.0 

25.2 

25.0 

39.6 
36.9 

62.1 

aOne u-bondapak C18 column with methano1:water (65:35) at 1 ml/min. 
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FIGURES 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 

Figure 10 

Figure 11 

Figure 12 

Figure 13 

Standard addition curve for determination of tetralin. I 
Elution of tetralin and naphthalene from silica gel. 

Elution of tetralin and naphthalene from aluminum oxide. 

Fluorescence excitation and emission spectra of standard tetralin. 

Fluorescence excitation and emission spectra of tetralin peak 
collected from Fraction 1 of F-1. 

I Fluorescence excitation and emission spectra standard acenaphthene. 

Fluorescence excitation and emission spectra of acenaphthene 
peak collected from Fraction 2 of F-1. 

Fluorescence excitation and emission spectra of standard indan. 

Fluorescence excitation and emission spectra of indan peak 
collected from Fraction 1 of F-1. 

m Fluorescence excitation and emission spectra of standard naphthalene. 

Fluorescence excitation and emission spectra of naphthalene peak 
collected from Fraction 2 of F-1. 

HPLC chromatograms.of Fraction 1 from F-1 and F-3. 

HPLC chromatogram of Fraction 2 from F-1. 
I 
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VISCOSITY OF COAL LIQUIDS - THE EFFECT OF CHARACTER 
AND CONTENT OF THE NON-DISTILLABLE PORTION 

by 

Joseph E. S c h i l l e r ,  Bruce W .  Farnum, and Evere t t  A. Sondreal 
Grand Forks Energy Research Center 

Grand Forks, Nor th  Dakota 

ABSTRACT 

I n  coa l  1 iquefact ion by d i r e c t  hydrogenation, t he  o b j e c t i v e  o f  processes 
under s tudy i s  t o  produce a l i q u i d  which might  s u b s t i t u t e  f o r  petroleum i n  
f u e l  and r e f i n i n g  app l i ca t i ons .  
the  h igh  v i s c o s i t y  e x h i b i t e d  by these ma te r ia l s  a t  ambient temperature. 
Th is  i s  e s p e c i a l l y  impor tan t  i f  the  product were n o t  t o  be f r a c t i o n a t e d  by 
d i s t i l l a t i o n  b u t  r a t h e r  be f i l t e r e d  o r  c e n t r i f u g e d  and t ranspor ted  by 
p i p e l i n e  t o  be used d i r e c t l y  as a b o i l e r  f u e l .  Th is  r e p o r t  descr ibes 
experimental work and conclusions concerning t h e  e f f e c t  o f  t he  heavy ends o f  
coa l  l i q u i d s  on t h e  v i s c o s i t y .  
were d isso lved i n  anthracene o i l  t o  produce a s imulated coa l  l i q u i d .  The 
so lvent  was he ld  constant f o r  each o f  t h e  res idues studied; there fore ,  
d i f f e rences  i n  t h e  character  o f  these d i s t i l l a t i o n  residues-would cause the  
r e s u l t i n g  so lu t i ons  t o  be o f  va ry ing  v i s c o s i t y .  The character  o f  t h e  
d i s t i l l a t i o n  res idues  was s tud ied  by h igh  pressure l i q u i d  chromatography 
(HPLC) f o r  molecular  weight  d i s t r i b u t i o n ,  s o l u b i l i t y  i n  to luene and hexane, 
column chromatography, nonaqueous t i t r a t i o n  f o r  weak ac ids  and bases, 
elemental analyses f o r  n i t rogen  and oxygen, and mass spectrometry us ing  a 
so l i ds  probe i n l e t .  O f  these p roper t i es  determined f o r  t he  var ious  s o l i d  
residues, almost a l l  were found t o  c o r r e l a t e  wi th v i s c o s i t y  o f  t h e  so lu t i ons .  
Molecular weight, oxygen content,  concentrat ion o f  weak acids,  and hexane 
so lub le  cons t i t uen ts  were most no tab le  i n  c o r r e l a t i n g  w i t h  s o l u t i o n  v i s c o s i t y .  
The mass spec t ra l  data, concentrat ion o f  weak bases, and concentrat ion o f  
asphaltenes d i d  n o t  c o r r e l a t e  w i t h  v i scos i t y .  
bonding i s  more impor tan t  i n  d e f i n i n g  t h e  e f f e c t  o f  asphaltenes and pre-  
asphaltenes on v i s c o s i t y  than a r e  acid-base s a l t  format ion i n te rac t i ons .  
i n t e r e s t  i s  t he  f a c t  t h a t  i n  l i q u i d s  where pre-asphaltenes a re  major  cons t i tuents ,  
t he  e f f e c t  o f  asphal tene content  i s  overr idden. 
g rea ter  e f f e c t  on i nc reas ing  v i s c o s i t y  than do comparable concentrat ions o f  
asphaltenes i n  coa l  l i q u i d s .  

One d i f f i c u l t y  w i t h  such coal l i q u i d s  i s  

I n  t h i s  work var ious  d i s t i l l a t i o n  residues 

It appears t h a t  hydrogen 

O f  

Pre-asphaltenes have a 
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This work helps to define the problem to be overcome in producing low 
It appears to be viscosity oil from coal without distillation of product. 

absolutely critical to minimize the concentration of non-distillable materials 
in coal liquids as well as to reduce the molecular weight, acid content, and 
concentration of pre-asphaltenes in the oil. The effect of concentration of 
non-distillable material i n  a coal derived oil is dramatic; an increase from 
20 pct non-distillable to 30 pct non-distillable for the oils studied 
increased the viscosity by a factor of approximately 30. 

INTRODUCTION 
1 At the Grand Forks Energy Research Center (GFERC) the CO-Steam process 

for liquefaction of low-rank Western coals is being studied. This research 
was pioneered at the ERDA Pittsburgh Energy Research Center (PERC) where 
bench scale batch and continuous experiments were conducted. Work is in 
progress at GFERC to determine reaction kinetics, to evaluate process design, 
to optimize reactor configurations, and to characterize the liquid product 
in detail. One important result obtained thus far is that the molecular 
weight of the non-distillable portion of CO-Steam product is reduced rapidly 
at temperatures above 460" C. For these studies a one-liter batch autoclave 
is used and a 3-lb/hr continuous unit is under construction and will be - 
operating in the near future. Product characterization is accomplished by a 
combination of analytical techniques including high resolution mass spectrometry, 
low voltage mass spectrometry* (LVMS) , gas chromatography-mass spectrometry 
(GC/MS), high pressure liquid chromatography (HPLC) and column chromatography3. 

In early product characterization work at GFERC, two CO-Steam product 
oils from PERC were encountered which had obviously different viscosities 
but essentially the same concentration of distillation residue (at 250" C 
and 1 torr). 
GC/MS showed the two distillates to be virtually identical as to the type 
and amount o f  the compounds present. 
viscosity of these two liquids was due to the character of the non-distillable 
portion. A program was then initiated to characterize properties of the 
distillation residue which might affect viscosity. The procedures to be 
described in the experimental section were applied to three distillation 
residues from coal liquefaction products (two CO-Steam liquids and a Synthoil 
liquid41 and to five solvent-refined coals5 (SRC's) which resemble the 
distillation residues of CO-Steam liquefaction products. 

The volatile portions of the two liquids analyzed by LVMS and 

It appeared that differences in 

The viscosity of coal liquids and petroleum heavy ends has been the 
subject of some investigation, and the effect of he asphaltene content has 
been shown to be important in previous studies.6-& Coal derived oils and 
petroleum oils which contained from 10 to 30 pct asphaltene showed a marked 
increase in viscosity with increasing concentrations of asphaltene. Removal 
of polar materials from a solid petroleum istillation residue gave saturate 
and aromatic fractions which were liquids.g' A paper by Burk and KuttalO 
showed that molten asphaltenes exhibited a lower viscosity than do molten 
pre-asphaltenes at the same temperature. Solution viscosity o f  Athabasca 
asphaltene has been investigated by Moschopedis, et a1 .I1 
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One explanat ion f o r  the  marked increased i n  v i s c o s i t y  caused by  asphaltene 
ma te r ia l s  has been suggested t o  be acid-base i n t e r a c t i o n s . 6  Asphaltenes a r e  
po la r  compounds having hydroxyl ,  a c i d i c  n i t rogen ,  and bas ic  n i t rogen  groups. 
Possible acid-base i n t e r a c t i o n s  between hydroxyl  o r  a c i d i c  n i t rogen  and 
bas ic  n i t rogen  func t i ons  i s  thought t o  cause molecular  aggregation. 
would l ead  t o  ve ry  h i g h  r e s u l t i n g  molecular  weights and a corresponding 
t rend  toward h i g h l y  v iscous l i q u i d s .  Data presented i n  t h i s  study, however, 
suggests t h a t  hydrogen bonding r a t h e r  than acid-base i n t e r a c t i o n s  i s  respons ib le  
fo r  t h e  s y n e r g i s t i c  e f f e c t  no ted  f o r  asphal tene on v i s c o s i t y .  
n e i t h e r  weak base content  nor  percent  n i t rogen  c o r r e l a t e  w i t h  v i scos i t y ,  i t  
appears t h a t  t h e  conten t  o f  weak base i s  n o t  e f f e c t i v e  i n  d e f i n i n g  molecular  
i n t e r a c t i o n s  among t h e  asphal tene molecules. 

This 

Because 

EXPERIMENTAL 

Mate r ia l s  Studied 

The CO-Steam l i q u i d s  and Syn tho i l  l i q u i d  were obta ined from the  P i t t sbu rgh  
Energy Research Center. 
Kugelrohr oven a t  250" C and 1 t o r r .  
removed and ground t o  mlnus 200 mesh f o r  p repara t i on  o f  so lu t i ons .  
so lvent  r e f i n e d  coa ls  s tud ied  were obta ined from P i t t s b u r g  and Midway Coal 
Mining Co., Southern Services Inc. ,  and the  U n i v e r s i t y  o f  Nor th  Dakota 
(P ro jec t  L i g n i t e ) .  Simulated coa l  l i q u i d s  were made by d i s s o l v i n g  25 w t  p c t  
o f  the  d i s t i l l a t i o n  res idues  o r  SRC's i n  anthracene o i l .  Th is  concentrat ion 
al lowed d i f f e rences  i n  v i s c o s i t y  caused by var ious  p roper t i es  o f  t h e  d isso lved 
s o l i d s  t o  be apparent and measurable. The v i s c o s i t i e s  were measured us ing  a 
B rook f i e ld  viscometer, and t h e  temperature o f  t h e  l i q u i d s  was he ld  a t  25.00 
- + .03" C us ing  a constant  temperature ba th  w h i l e  the  v i s c o s i t y  was being 
measured. The so lu t i ons  were prepared by warming and s t i r r i n g  a m ix tu re  o f  
t h e  powdered s o l i d  wi th  anthracene o i l  f o r  16 hours. No undissolved s o l i d s  
were observed, and t h e  l o g  o f  v i s c o s i t y  was l i n e a r  w i t h  concentrat ion,  
showing t h a t  s o l u t i o n  o f  t he  d i s t i l l a t i o n  res idues  o r  SRC's was complete. 

Several grams o f  each l i q u i d  was d i s t i l l e d  i n  a 
The r e s u l t i n g  d i s t i l l a t i o n  res idue was 

The 

A n a l y t i c a l  Methods Used t o  Character ize Residues 

Molecular Weight 

The molecular  weight o f  the  residues was determined by d i s s o l v i n g  t h e  

The one percent s o l u t i o n  

sample t o  1 w t  p c t  i n  te t rahydro furan .  
s o l i d  was so lub le  i n  te t rahydrofuran,  SO t h e  va lue  measured represented t h e  
molecular  weight  o f  v i r t u a l l y  a l l  o f  t h e  sample. 
was i n j e c t e d  i n t o  a Waters h i g h  pressure l i q u i d  chromatograph us ing  1-500 
Angstrom and 3-100 Angstrom micros ty rage l  columns which had been p rev ious l y  
c a l i b r a t e d  us ing  the  polystyrene standard supp l ied  by Waters t o  measure 
molecular  weight  i n  t h e  range encountered. 
cha r t  recorder,  and values f o r  average molecular  weight i n  t h e  molecular 
weight ranges obta ined a r e  i l l u s t r a t e d  i n  F igure  1. 

Approximately 90 p c t  o r  more o f  each 

Data were recorded us ing  a s t r i p  
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Content of Asphaltene and Pre-asphaltene 

The d i s t i l l a t i o n  residues and SRC's were dissolved in a m i n i m u m  quantity 
o f  tetrahydrofuran. 
95 pct toluene, t h u s  p rec ip i ta t ing  the toluene-insoluble pre-asphaltenes. 
The toluene so lu t ion ,  containing the asphaltenes and o i l ,  was f i l t e r e d .  
f i l t r a t e  was then concentrated, and hexane was added t o  prec ip i ta te  asphaltenes 
from a 95 pct hexane solution; asphaltenes were separated by f i l t r a t i o n .  
The pre-asphaltene, asphaltene, and hexane soluble o i l  were measured by 
determining the  weight of each f r ac t ion  separated from the or ig ina l  so l id .  

Column chromatography u s i n g  alumina and a gradient e lu t ion  approach3 
was used t o  determine the concentration of hydrocarbons plus e thers  contained 
in  the d i s t i l l a t i o n  residue and SRC. 
preadsorbed on neutral alumina and added to  a column containing alumina. 
Toluene was passed through the column and the hydrocarbons plus e thers  were 
collected.  
measured. 
e ther  compounds in the sample, were found t o  cor re la te  with viscosity.  
a r e  summarized i n  Table 1 f o r  the concentration of asphaltene,  pre-asphaltene, 
hexane soluble o i l ,  and non-polar compounds i n  the so l ids  studied. 

Toluene was than added t o  produce a solution containing 

The 

The sample of so l id  t o  be analyzed was 

The toluene was evaporated and the  weight of material eluted was 

Data 
T h e  content of hexane so luble  o i l ,  a s  well a s  hydrocarbon plus 

Non-aqueous T i t r a t ion  f o r  Acid and Bases 

The so l id s  t o  be analyzed f o r  ac ids  were weighed t o  give approximately 
0.4 grams of the so l id ;  t h i s  was then dissolved in 50 ml of pyridine and 
protected from atmospheric carbon dioxide using nitrogen. 
t i t r a t e d  w i t h  tetrabutyl amnonium hydroxide in methanol/benzene a s  solvent 
using a g l a s s  versus methanol modified calomel electrode system. Data were 
recorded using a strip cha r t  recorder. Weak bases were determined in an 
analogous way except t h a t  the t i t r a n t  was perchloric acid i n  dioxane and the 
t i t r a t i o n  medium was 9:l tetrahydrofuran/acetic acid.  

The sample was 

Elemental Analysis 

Nitrogen was determined using the Kjeldahl method and oxygen was measured 
by neutron ac t iva t ion  ana lys i s .  
Intelcom Rad. Tech., San Diego, CA. 

T h e  ac t iva t ion  ana lys l s  was performed by 

Mass Spectrometry of Residues 

The so l id s  t o  be analyzed by mass spectrometry were placed i n  weighed 
one millimeter sample tubes and introduced in to  the so l ids  probe i n l e t  of a 
DuPont 21-4916 low resolution mass spectrometer. 
heated to  200" and a mass spectrum of the  vaporized material was obtained. 
After heating for  several minutes a t  200" no fu r the r  vaporization of samples 
was evidenced by the absence of peaks i n  the mass spectrum. The capi l la ry  
tube was removed and weighed t o  determine the  quantity of material vaporized. 

The so l id s  probe was 
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After  weighing, t he  c a p i l l a r y  tube was p u t  back i n t o  the  mass spectrometer 
and heated t o  350" where another spectrum o f  t he  v o l a t i l e  ma te r ia l  was 
recorded. A f te r  350" heat ing f o r  several minutes ( t o  the  p o i n t  where no 
fu r the r  sample vaporized) the c a p i l l a r y  tube was removed from the mass 
spectrometer i n l e t  and weighed t o  determine the  t o t a l  q u a n t i t y  o f  ma te r ia l  
vaporized. Approximately 1 m i l l i g r a m  samples were used, and a Cahn Model 
4700 e lect robalance was employed f o r  determin ing weight  changes. 

RESULTS AND DISCUSSION 

E f f e c t i v e  Concentrat ion o f  Residue 

The change i n  v i s c o s i t y  w i t h  concentrat ion o f  res idue  i n  the  simulated 
coal l i q u i d s  i s  most dramatic f o r  t h ree  d i f f e r e n t  res idues d isso lved i n  
anthracene o i l  i n  t he  range o f  20-30 p c t  concentrat ion.  F igu re  2 shows t h a t  
the v i s c o s i t y  o f  t he  r e s u l t i n g  s o l u t i o n  can be increased by a f a c t o r  of 20- 
40 f o r  a 50 p c t  ( r e l a t i v e )  change i n  concen t ra t i on  o f  res idue.  Reducing the 
concentrat ion o f  res idue  i s  perhaps the  most impor tant  p roper t y  t o  be 
inf luenced by changes i n  process va r iab les .  
concentrat ion o f  res idue i s  a f i r s t  ob jec t i ve ,  and then l i q u e f a c t i o n  cond i t i ons  
might be changed so as t o  g i ve  n o n - d i s t i l l a b l e  m a t e r i a l  which w i l l  minimize 
v i s c o s i t y  o f  t he  r e s u l t i n g  coal l i q u i d .  

To make a product w i t h  a low 

Proper t i es  o f  Residues 
Which Cor re la te  w i t h  V i s c o s i t y  

The r e l a t i o n s h i p  between non-polar content  and l o g  v i s c o s i t y  i s  i l l u s t r a t e d  
i n  f i g u r e  3. Both the percent so lub le  i n  hexane and t h e  saturates p lus  
aromatics obta ined by e l u t i o n  i n  the  column chromatography i s  shown t o  be a 
l i n e a r  p l o t  w i t h  a negat ive slope, i n d i c a t i n g  t h a t  t h e  g rea te r  t he  concentrat ion 
o f  hexane so lub le  m a t e r i a l  i n  the d i s t i l l a t i o n  res idue,  t h e  lower w i l l  be 
the v i s c o s i t y .  
and percent o f  p o l a r  and polymeric m a t e r i a l  versus l o g  v i s c o s i t y .  
reasonable c o r r e l a t i o n  i s  seen. The asphal tene content  r e l a t e d  t o  v i s c o s i t y  
shows somewhat random d i s t r i b u t i o n .  This  i s  t r u e  because a l l  o f  the residues 
s tud ied have a s i g n i f i c a n t  content  o f  pre-asphaltenes, and the e f f e c t  of  the 
asphaltenes i s  somewhat overr idden by t h i s  l a r g e  concen t ra t i on  o f  more 
e f f e c t i v e  v i  scos i ty - i  ncrea s i ng cons t i  tuen t s  . 

o f  Synthoi l  products with asphaltene content  can be expla ined i n  t e r m s  o f  
these r e s u l t s .  When t h e i r  data i s  r e p l o t t e d  as l o g  o f  v i s c o s i t y  versus 
percent asphaltene, the r e l a t i o n s h i p  i s  l i n e a r  i n  t h e  range o f  5-20 p c t  
asphaltenes; however, Syn tho i l  1 i q u i d s  having from 20-40 p c t  asphaltenes 
show a p o s i t i v e  d e v i a t i o n  from l i n e a r i t y  w i t h  l o g  v i s c o s i t y  versus percent 
asphaltene. This p o s i t i v e  d e v i a t i o n  i l l u s t r a t e s  t h e  e f f e c t  o f  t he  pre-  
asphaltenes i n  those Syn tho i l  l i q u i d s  having h igh asphal tene content .  Those 
ma te r ia l s  w i t h  h igh  asphaltene would have correspondingly  more pre-asphaltene, 
and i t  i s  more e f f e c t i v e  i n  r a i s i n g  v i s c o s i t y  than i s  asphaltene. 

Inverse ly ,  f i g u r e  4 shows a p l o t  o f  pre-asphal tene content  
Again a 

Data obta ined p rev ious l y  by Sternberg e t  a14 f o r  v a r i a t i o n s  o f  v i s c o s i t y  
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The cor re la t ion  of molecular weight with log v iscos i ty  i s  a l so  l inear  

The material of molecular 

and i s  i l l u s t r a t e d  i n  f i gu re  5. 
d i s t i l l a t i o n  residues varied over the range of 290 t o  500, t h e  resu l t ing  
so lu t ion ' s  v i scos i ty  changed by a f ac to r  o f  15. 
weight grea te r  than 750 in the  molecular weight d i s t r ibu t ions  (Figure 1 )  may 
be the most important cont r ibu tor  t o  the increase in v iscos i ty .  
molecular weight species i n  pa r t i cu la r  could lead t o  pronounced v iscos i ty  
increases a s  was no ted  f o r  pre-asphaltenes. 

spectrometry d id  not y ie ld  very useful data.  
o r  residue was vo la t i l e  i n  the  mdss spectrometer i n l e t ,  and no c l ea r  correlation 
could be drawn. 

content i s  i : lustrated i n  f i gu re  6.  Molecular weight, weak ac id  content, 
and oxygen content o f  t he  non-d is t i l l ab le  portion of coal l iqu ids  a re  a l l  
reduced by more severe reac t ion  conditions,  and t h i s  brings about an accompanying 
decrease i n  v i scos i ty .  I t  is not c l ea r  which of these properties a r e  most 
important i n  defining the  v iscos i ty  of t he  resu l t ing  l iqu id .  
weight and concentration of polar groups could be important, and a t  this 
time, the data does not show which of these two parameters i s  predominant. 

percent nitrogen does not co r re l a t e  w i t h  viscosity.  
tha t  acid-base in te rac t ions  a r e  responsible f o r  highly viscous solutions of 
asphaltenes does n o t  appear t o  be supported by t h i s  da ta .  
acids and weak bases were important, then v iscos i ty  should increase with the 
concentration o f  both. 
establishing t h e  v iscos i ty .  
hydrogen bonding of the  hydroxyl groups and ac id i c  nitrogen groups is  of 
major importance while acid-base in te rac t ions  a r e  of lesser  importance. 

log viscosity a r e  molecular weight, oxygen content,  content of pre-asphaltene, 
and weak acid content.  An inverse cor re la t ion  i s  seen w i t h  the  hexane 
so lub i l i t y  and sa tura tes  plus aromatics i n  the  d i s t i l l a t i o n  residue. 
coal l iquefaction process, a l l  of these parameters will  change i n  the 
direction of a lower v iscos i ty  product i n  a somewhat simultaneous way. 
i s  not known a t  this point if one of these  properties of the heavy ends 
would be more advantageously reduced during coal l iquefaction than any of 
the other parameters studied. I t  can be safe ly  s t a t ed ,  however, t h a t  
decreasing the concentration of the non-d is t i l l ab le  material i n  the coal 
l iquid i s  absolutely necessary i n  lowering the  v iscos i ty  o f  the product. 
Concurrent w i t h  th is ,  improvement o f  the properties of t h i s  d i s t i l l a t i o n  
residue tends t o  occur automatically.  
changes i n  process var iab les  which might b r i n g  about a reduction i n  undesirable 
properties of the d i s t i l l a t i o n  residue. 

Glhen the average molecular weight of the 

These high 

Examination of the  d i s t i l l a t i o n  residues and SRC's d i r ec t ly  by mass 
Only 10 t o  25 pc t  of the SRC 

The var ia t ion  of v i scos i ty  w i t h  both oxygen content and weak acid 

Both molecular 

O f  par t icu lar  note, however, i s  t h a t  the weak base content and the 
T h u s ,  t he  suggestion 

I f  both weak 

However, only ac-ids appear t o  be de f in i t i ve  i n  
The conclusion which may be drawn i s  t h a t  

The various properties t h a t  have been shown to  co r re l a t e  d i r ec t ly  with 

In a 

I t  

Further work i s  needed t o  define the 

1. 
I 

I 

I 
3 
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TABLE 1. - V iscos i ty ,  molecular  weight, and s o l u b i l i t y  
~ 

W t .  Avg. 
S o l u t i o n  molecular  Weight percent 
v i s c o s i t y g  weight Hexane 

(cen t ipo i ses )  HPLC so lub les  Asphaltenes Preasphaltenes 

Synthoi 1 
residue..  . . 400 340 50.3 26.5 23.2 

SRC 115 ....... 560 295 51.7 24.0 24.3 

CO-Steam I 
residue&/. . . 1552 450 24.2 12.3 63.5 

CO-Steam I 
res idua ) .  . . 1667 395 31.8 28.1 40.1 

SRC P i t t  8. .. . 1774 420 , 26.2 20.6 53.2 

SRL M5C ...... . 1945 41 5 24.6 7.8 70.5 

SRC 308 ...... . 4467 495 15.6 14.4 70.0 

SRC 122 .... .. . 6223 550 20.9 14.6 64.5 

aJ Tubular reac to r .  
- b/ S t i r r e d  au toc lave .  
- c l  V i scos i t y  o f  25 p c t  (w/w) s o l u t i o n  i n  anthracene o i l  a t  25" C. 
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TABLE 2. - Column chromatographic separation 
Weight percent per fraction 

Toluene Chloroform(1) Chloroform(2) THF ethanol Uneluted 
1 7 3 4 5 

Syn t hoi 1 
residue ..... 15.9 1.7 37.6 40.0 4.8 

SRC 115R .... .. 30.9 4.5 30.3 31.9 2.4 

CO-Steam I 
residued. .. 14.0 4.0 9.8 36.7 35.5 

CO-Steam I1 
residuekl ... 19.2 2.8 19.9 51.3 6.8 

SRC Pitt 8. ... 13.5 3.8 14.7 63.2 4.8 

SRL M5C ... .. .. 13.4 1.6 4.1 41 .4 39.5 

SRC 308 ....... 8.1 1.7 16.7 48.1 25.4 

SRC 122 ....... 9.1 2.0 14.4 54.3 20.2 

a/ Tubular reactor. 
Stirred autoclave. 
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TABLE 3. - Acid nd base content ______- 
Pet oxygen, 

Acidity neutron Bas i c i  ty Pct N,  
meg Hf/g activation - meg OH-/g Kjel da hl -- 

Synt ho i 1 

SRC 115 .......... 1.481 1.55 0.711 1.70 

CO-Steam I 
residue&/. ..... 1.661 7.0& 0.449 1.15 

_-- residue ........ 2.066 --- 0.750 

CO-Steam I1 
residua.. .... 1.938 3.72 0.476 

SRC Pitt 8... .... 2.019 3.56 0.647 

SRL M5C.......... 2.060 --- 0.522 

SRC 308. ......... 2.285 4.32 0.786 

SRC 122 .......... 2.531 4.69 0.713 

1.23 

--- 
--- 
1.78 

1.55 

I 

4 2  

aJ Tubular reactor. 
bJ Stirred autoclave. 
r/ Contains ash, inorganic oxygen present. 
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TEMPERATURE EFFECTS ON COAL LIQUEFACTION; RATES OF DEPOLYMERIZATION 
A N D  PRODUCT QUALITY AS DETERMINED BY GEL PERMEATION CHROMATOGRAPHY 

by 

Curtis L .  Knudson, Joseph E. Sch i l l e r ,  and A r t h u r  L .  Ruud 
Grand Forks Energy Research Center 
Grand Forks, North Dakota 58202 

INTRODUCTION 

In t h i s  paper the  reac tor  temperature and residence time e f fec t s  on 
the depolymerization of coal will be discussed. The r a t i o  of the absorbances 
of the 950 molecular weight ( M W )  t o  280 MW peaks observed i n  the gel permea'- 
t ion  high pressure 1 i q u i d  chromatography (HPLC)  separation of products. has 
indicated use as  a measure of depolymerization and product qua l i ty .  

Research on the non-catalytic CO-Steam liquefaction of coal was i n i t i a t e d  
a t  the Grand Forks Energy Research Center ( G F E R C )  i n  1974 as  a continuation of 
research s ta r ted  a t  the  Pittsburgh Energy Research Center ( P E R C ) .  
i s  t o  develop the  process as a commercial, economic method t o  produce a s t ab le  
coal l iquid which will  meet environmental requirements (ash, nitrogen, and 
su l fur  contents) f o r  use a s  a boiler fue l .  The research program has followed 
three overlapping s tages :  1 )  Batch autoclave research, 2 )  3-lb/hr continuous 
process u n i t  operation, and 3) process development un i t  scaleup based on 
findings from (1)  and (2) .  Selected data from item (1)  will  be considered i n  
t h i s  paper. 

with room temperature s lur ry  t o  a hot ( u p  t o  500" C )  r eac tor  which can be 
sampled (both l iqu id  and gas phases) a t  various times t o  determine reactant 
and product changes. 
analysis.  
of s lur ry  a t  u p  t o  4500 psig and 480" C. 
t h a t  is found i n  the  gas phase i n  the  reactor a t  various temperatures and 
pressures has been determined, and the e f f ec t s  o f  slow (1 hour) o r  rapid ( 3  
minu te )  heatup of s l u r r i e s  t o  reaction temperature on molecular weight d i s t r i -  
butions and coking is being studied. 

analyzed a t  GFERC have contained 10 t o  80 pct vo la t i l e s  a t  1 t o r r  and 250" C. 
T h i s  vo la t i l e  material i s  readi ly  analyzed by GC,  GC-MS, or low voltage MS. 
Approximately 50 t o  80 pct of the non-volatile f rac t ion  was readi ly  soluble i n  
tetrahydrofuran (THF).  Analysis of a 1 w/w pct  solution of this  non-volatile 
f rac t ion  ( a f t e r  passing through a 0.5 u f i l t e r )  has yielded molecular weight 
d i s t r ibu t ions  which a r e  not masked by solvent o r  l i g h t  organic material .  The 
technique has enabled the  determination of the r a t e  of disappearance of high 
molecular weight materials as a function of reactor temperature and residence 
time. 

The  objective 

The batch autoclave cons is t s  of a batch reactor system t h a t  can be charged 

Figure 1 depicts the f rac t ions  tha t  a r e  obtained during 
T h i s  system i s  a l so  being u t i l i zed  t o  determine to t a l  gas content 

The amount of the material charged 

Undisti l led coal products (solvent refined coals and coal l i qu ids )  
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EXPERIMENTAL 

Gas-Slurry Charge Composition 

The one-liter reactor was typically charged with 250 gms of slurry (from 
The amount o f  gas charged was a cylinder to the reactor using gas pressure). 

approximately 3.5 moles. 
essentially independent of whether the charge gas was CO or synthesis gas 
(50:50 hydrogen to carbon monoxide). 
were charged. 

Molecular weight distributions have been found to be 

For the data reported, 250 gms of slurry 
The slurry composition was as follows: 

27.3% as-received coal 
8.0% of water added 
58.2% anthracene oi 1 
6.5% tetralin 

Proximate and ultimate analysis for the lignite used in these studies is 
presented in Table 1. 

' TABLE 1. - Beulah Standard 2; GF 77-712 
Coa 1 

Coal Coal (Moisture and 
(As received) (Moisture free) ash free) 

Proximate analysis, pct: 

Moisture 27.80 -- -- 
Volatile matter ......... 30.45 42.18 46.93 
Fixed carbon ............ ' 34.45 47.71 53.07 

10.11 -- Ash ..................... 7.30 

................ 

TOTAL 100.00 100.00 100.00 

Ultimate analysis, pct: 

Hydrogen ................ 6.09 4.16 4.63 
Carbon .................. 46.30 64.14 71.35 
Nitrogen ................ 0.72 1 .oo 1 * l l  
Oxygen .................. 39.03 19.82 22.05 
Sulphur ................. 0.56 0.77 0.86 -- ..................... 7.30 '10.11 Ash - 

TOTAL 100.00 100.00 100.00 

Molecular Weight Distribution Determinations 

The equipment used to determine molecular weight distributions was a Water's 
Model ALC-GPC-201 system fitted with one 500 and three 100 A microstyragel 
columns. 
to remove volatile material. 

CO-Steam product samples were first distilled at 250" C and 1 torr 
A 1 w/w pct tetrahydrofuran (THF) solution of 
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the non-distillable material was passed through a 0.5 y filter prior to 
injection. 
data obtained for a sample that was not subjected to distillation. 
of stability to distillation can be calculated which reflects the fraction of 
the original THF soluble material that was still soluble after distillation 
at 250" C and 1 torr. 
reactor residence time and temperature. 

minutes and held at this temperature for 1/2 hour. 
heated to and held in steps at 435 5 4' C and 475 2 5" C. 

increased from 22 to 56 pct in 19 minutes at 400" C. 
quotient goes to 71 pct and for the next 104 minutes remained essentially 
constant. 
is analyzed by HPLC after distillation. 

TABLE 2. - Product stability to distillation versus 

Product fractions 

The percent THF insoluble residue was compared to THF solubility 
A quotient 

This stability quotient has been found to increase with 

In run 30, the reactor was charged cold and heated to 400 2 2" C in 92 
The reactor was subsequently 

In Table 2, data from run 30 are presented. The stability quotient 
In going to 437" C the 

The stability quotient also reflects the quantity of sample that 

residence time and temperature in run 30 

(1) (2) 
THF Non- Stabilitv 

Insoluble, distill ble, quoti&?t: 
Sample No. Temp., 'C Time pc& pctd pct- 

400" 2 2" 92 
1 94 11 
3 113 6 

435" 5 4" 141 
4 142 7 
6 182 9 

22 22 
18 56 

22 71 
20 78 

475" 5 5O 200 
7 21 2 8 23 74 
9 246 11 29 73 

- a/ The values for (1) and (2) are percents of total reactor slurry product 
obtained at reactor temperature and pressure. 

- b/ The stability quotient is the percent of (2) minus (1) that was soluble 
after distillation at 250" C and 1 nun Hg. 

The molecular weight distributions were measured relative to commercially 
available standards (purchased from Waters) to enable comparison by other 
researchers. Detection was by UY at 254 nm. 
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RESULTS A N D  DISCUSSION 

The temperature a t  which the reac tor  was operated has had dramatic 
e f f ec t s  on the  molecular we igh t  d i s t r ibu t ion  obtained f o r  the non-disti l-  
l ab l e ,  THF soluble f rac t ion  o f  coal l iquefaction products. 

t o  450, and 460 t o  480" C for residence times under 1/2 hour. These d i s t r i -  
butions have been observed i n  experiments where the reac tor  was heated to  
temperature in 3 minutes o r  i n  1 hour. 
in the absorbance a t  molecular weights grea te r  than 750 and the  s h i f t  of the 
average molecular weight o f  this f rac t ion  from over 600 a t  400" C t o  about 
500 a t  440-450" C and f i n a l l y  t o  about 300 a t  460 t o  480" C .  
absorbance i s  proportional t o  concentration, r a t i o s  of the absorbance maximum 
between 1200 and 950 t o  the  value a t  280 MW (Ag50/A280) have been used t o  
cor re la te  data from various experiments. 
be independent of experimental e r ro r s  i n  preparing 1 w/w pct solutions.  
Figure 3 ,  the r a t i o s  obtained f o r  samples removed f o r  under 1/2 hour residence 
times during 1/2 hour residence time f o r  a number of experiments a re  depicted 
versus reac tor  temperature. 

High r a t io s  ind ica te  large concentrations of over 750 Mw molecular 
weight  material .  
t h a t  reactors operated a t  higher temperatures produce products w i t h  lower 
average molecular weights. 

Figure 2 depic t s  the  molecular weight d i s t r ibu t ions  obtained a t  400, 435 

Figure 2 i l l u s t r a t e s  the rapid decrease 

Since the  

T h i s  r a t i o  has a l so  been found t o  
In 

The rapid decrease of the  r a t i o  w i t h  temperature indicates 

Rates of Depolymerization 

The change in molecular weight d i s t r ibu t ion  w i t h  reac tor  residence time 

A t  400" C the molecular weight d i s t r ibu t ion  changes 
can be used a s  a qua l i t a t ive  measure of the r a t e s  o f  depolymerization a t  
d i f f e ren t  temperatures. 
l i t t l e  w i t h  time (Fig.  2) .  
(Table 2 )  which ind ica tes  t h a t  t he  qua l i ty  of the  product increases with 
residence time. 
degree since the  molecular d i s t r ibu t ion  observed is s imi la r  t o  tha t  o f  solvent 
refined coals,  which a r e  not l iqu ids  a t  room temperature. 

A t  temperatures of 435 t o  450' C notable residence time e f f ec t s  have 
been observed espec ia l ly  i n  the g rea t e r  than 750 MWmaterial. 
presents two r a t i o s  (Ag50/A250 and A450/A280) versus residence time f o r  an 
extended experiment in which the reac tan ts  were i n i t i a l l y  heated t o  440" C i n  
three minutes and held there f o r  1/2 hour, followed by stepwise heating during 
5-10 minutes and holding f o r  1/2 hour a t  450, 460, and 470" C .  
minutes a t  440" C ,  the r a t i o  Ag50/A250 tends t o  level of f .  
observed were on s imi la r  f r ac t ions  of t o t a l  product. 
d i s t r ibu t ion  and the r a t i o s  observed a t  440" C were s imi la r  t o  those observed 
for CO-Steam product prepared a t  PERC. 

A rapid decrease in the Ag50/A280 r a t i o  occurred w i t h i n  7 minutes of 
heating from 440" t o  450" C. Additional time a t  450" C yielded l i t t l e  change 
in the  r a t io .  The A450/A280 r a t i o  a l so  leveled off. Molecular weight d i s t r i -  
butions f o r  this material  indicated t h a t  no recoverable material g rea te r  than 
1000 MW was present; however, the d i s t r ibu t ion  did have a shoulder a t  950 MW. 
These r e su l t s  a r e  s imi la r  t o  those obtained f o r  coal l iqu ids  produced by the  
Synthoi 1 Process. 

However, the  s t a b i l i t y  t o  d i s t i l l a t i o n  does increase, 

Change in product a t  400" C have not been studied t o  any 

Figure 4 

After 30 
The changes 

The molecular weight 
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Subsequent heating to 460' C caused an additional decrease in both the 
A950/A280 and A460/A280 ratios, wfth little change continuing after 15 minutes. 
Llttle further change has been observed in these molecular weight distributions 
in other experiments at 470" C for 1 hour or at 480" C for 1/2 hour. 
distributions have been obtained for samples made by the SRC I1 Process. 

from 440 to 450' C. However a further beneficial decrease occurs between 450 
to 470" C. Depolymerization occurs very rapidly at 460" C, and the 300 MW 
material produced does not depolymerize further with time beyond 15 minutes. 

Similar 

The most dramatic decrease in molecular weight occurred during heating 

Product Quality 

Other research being conducted at GFERC has indicated that there is 
direct dependence of viscosity on t e average molecular weight and the concen- 
tration of pre-asphal tene material .! Asphal tene content in higher concentra- 
tions has also effected increased viscosities of coal product~.~*3,4 Figure 5 
depicts the molecular weight distributions of pre-asphaltene and asphaltene 
fractions obtained from PERC CO-Steam, SRC 11, and the GFERC product produced 
at 470" C. 
molecular weight than the pre-asphaltene fraction. Absorbance at 950 MW is 
most indicative of the presence of the higher MW pre-asphaltene and asphaltene 
material, and that at,280 MW of lighter non-distillable material. 

totally coa? derived product. The A460/A280 ratio should be useful as a 
measure of product quality after the absorbance at 950 MW approaches zero. 

For each product, the asphaltene fraction has a lower average 

The A9 0/A280 ratio should correlate well with the viscosity for a 
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FIGURE 1. - Major sample fract ions derived from batch auioclave studies on 
CO-Steam kinet ics .  
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FIGURE 2. - Average MW d i s t r i b u t i o n s  obta ined a t  a )  400" C, b )  440-460" C, 
and c )  460-480' C f o r  t h e  n o n - d i s t i l l a b l e ,  THF s o l u b l e  f r a c t i o n s  
o f  coa l  l i q u i d  products. 
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Reaspialtene fraction 

I I 

950 460 280 
Molecular Weight (gm-moles) 
Asphaltene fraction 

FIGURE 5. - Comparison of molecular weiclht d i s t r ibu t ions  f o r  coal l i a u i d  
f rac t ions  obtained from PERC CO-Steam (+F), SRC I1 (---:) and 
GFERC, 470" C (-) samples. 
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INDIRECT MEASUREMENT OF SEDIMENTATION RATES AT H I G H  
TEMPERATURE AND PRESSURE BY X-RAY PHOTOGRAPHY 
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West V i r g i n i a  Univers i ty  
Morgantown, WV 26506 

ABSTRACT 

A s e t t l i n g  column has  been developed which can be used i n  conjunct ion 
with x-rays t o  fo l low t h e  s e t t l i n g  of minera l  p a r t i c l e s  i n  opaque l i q u i d  
a t  high tempera tures  and p r e s s u r e s .  The minera l  p a r t i c l e s  a t t e n u a t e  t h e  
x-rays t o  a much g r e a t e r  e x t e n t  than  t h e  l i q u i d .  This  i n d i r e c t  x-ray 
system produces photographs showing t h e  s o l i d s  s e t t l i n g  f r o n t  as a func t ion  
of he ight  a t  a given t i m e  wi thout  d i s t u r b i n g  t h e  sedimentat ion process .  

This  system c o n s i s t s  of  a x-ray head and a s p e c i a l  s t e e l  s e t t l i n g  
chamber w i t h  aluminum windows, p laced  i n  a l e a d  l i n e d  box. T h e . c e l 1  is 
connected t o  an au toc lave  from which t h e  sample is t r a n s f e r r e d  a f t e r  prep- 
a r a t i o n .  
pressures  up t o  2.9 x lo6 N / m Z .  
of minera l  p a r t i c l e s  i n  a c o a l  l i q u i d  w i t h  and without  t h e  a d d i t i o n  of 
so lvent .  The experiments  a r e  reproducib le  t o  w i t h i n  10% e r r o r .  The x- 
r a y  measurement technique provides  both t h e  i n i t i a l  s e t t l i n g  rate and t h e  
he ight  of t h e  compression reg ion .  

This  system i s  capable  of run  temperatures  up t o  315OC and 
Data a r e  r e p o r t e d  f o r  t h e  sed imenta t ion  

INTRODUCTION 

In t h e  c o a l  l i q u e f a c t i o n  process  some c o a l  p a r t i c l e s  and mineral  
matter a r e  not  converted t o  t h e  l i q u i d  product .  To u t i l i z e  t h i s  product  
as a f u e l ,  t h e  s o l i d s  must be  e l imina ted .  Many processes  f o r  s o l i d s  re- 
moval are being i n v e s t i g a t e d ,  such a s  f i l t r a t i o n ,  c e n t r i f u g a t i o n  and 
so lvent  p r e c i p i t a t i o n .  Solvent  p r e c i p i t a t i o n  has  been s tudied  i n  d e t a i l  
by v a r i o u s  r e s e a r c h  groups i n  determining t h e  s e t t l i n g  p r o p e r t i e s  of t h e  
p a r t i c l e s .  Cont inenta l  Coal Development Corporat ion (Gorin, e t  a l . ,  1975; 
Burke, 1976), Argonne Nat iona l  L a b o r a t o r i e s  (Huang and Fischer ,  19 ) and 
Oak Ridge Labora tor ies  (Rodgers, 1975, 1976) employ d i r e c t  sampling tech-  
niques t o  determine t h e  s o l i d s  concent ra t+on a s  a func t ion  of t i m e  and/or  
he ight  i n  sedimentat ion columns. This  procedure i s  very  time consuming 
because of t h e  number of chemical  a n a l y s e s  which must be  performed. In 
a d d i t i o n  t h e  sampling d i s r u p t s  t h e  s e t t l i n g  phenomena t o  some e x t e n t .  
The i n d i r e c t  x-ray technique avoids  t h e  d i r e c t  sampling problem and per- 
m i t s  r a p i d  measurement so t h a t  a wide range of chemical a d d i t i v e s  can b e  
screened.  

There a r e  numerous techniques  t o  measure t h e  i n i t i a l  s e t t l i n g  rate 
of s o l i d s  i n  c l e a r  o r  t r a n s l u c e n t  l i q u i d s .  Most of t h e  common l i g h t  ab- 
s o r p t i o n  or l i g h t  s c a t t e r i n g  techniques cannot be used i n  opaque so lu -  
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t ions .  X-rays have been used through t h e  y e a r s  i n  t h e  medical  f i e l d  as  
wel l  as i n  i n d u s t r y .  X-rays have been previous ly  employed t o  determine 
p a r t i c l e  s i z e  d i s t r i b u t i o n  v i a  sedimentat ion.  The Sedigraph 5000 is one 
such instrument ,  manufactured by Micromer i t ics  Instrument  Corpora t ion ,  
t h a t  measures p a r t i c l e  s i z e  d i s t r i b u t i o n  from s e t t l i n g  r a t e  d a t a  by de- 
t e c t i n g  t h e  concent ra t ion  of p a r t i c l e s  remaining a t  decreas ing  sedimenta- 
t i o n  depths  a s  a f u n c t i o n  of t i m e  a t  room temperature  and p r e s s u r e .  This  
apparatus  could not  be used f o r  t h e  c o n d i t i o n s  of sed imenta t ion  f o r  c o a l  
l i q u i d s  because of t h e  high p r e s s u r e s  and tempera tures .  

This  paper  d i s c u s s e s  a n  x-ray system which was devised t o  meet severe  
process  condi t ions .  I n  g e n e r a l  t h e  appara tus  involved an au toc lave  f o r  t h e  ' 

prepara t ion  of t h e  sample and t h e  s e t t l i n g  chamber f o r  x-ray d e t e c t i o n  of 
the  s e t t l i n g  s o l i d s .  Most p a r t s  were made of s t e e l  wi th  aluminum windows 
f o r  x-ray p e n e t r a t i o n .  Sedimentat ion can be determined over a range of 
temperatures (ambient t o  315OC) and p r e s s u r e s  (atmospheric t o  2.9 x l o 6  N/m2.) 

The c o a l  l i q u i d  used i n  t h e  experiments  t h a t  fo l low i s  Solvent  Refined 
Coal (SRC) f i l t e r  feed.  Mineral  m a t t e r  conten t  of  SRC f i l t e r  feed  i s  with- 
i n  a range of 2.6 t o  3 .0  w t . %  from low temperature  a s h  s t u d i e s .  The SRC 
f i l t e r  feed used i s  i n  a 3 /1  ratio of so lvent  to  c o a l .  

EQUIPMENT 

The sed imenta t ion  c e l l  is  shown i n  a schematic  i n  F igure  1. The s t e e l  
p a r t s  of t h e  cell are extremely over  designed.  The t h i n  aluminum windows 
a r e  of d i f f e r e n t  t h i c k n e s s  f o r  t h e  d i f f e r e n t  p r e s s u r e s .  P r e s e n t l y ,  0.16 cm 
t h i c k  windows a r e  used i n  a l l  experiments  w i t h  a maximum p r e s s u r e  of 1.1 x 
lo6 N/m2.  
required f o r  the maximum p r e s s u r e  of 2 .9  x lo6 N / m 2 .  
used t o  make a s e a l  between t h e  aluminum windows and t h e  steel  body of t h e  
c e l l  wi th  t h e  a i d  of s e a l i n g  compound. The dimensions of i n t e r e s t  a r e  
given i n  F igure  1. 

The x-rays p e n e t r a t e  t h e  t h i c k e s t  windows (0.25 cm) which a r e  
Garlock g a s k e t s  a r e  

The volume of t h e  c e l l  is EO cm3. 

The schematic  of  t h e  a p p a r a t u s  i s  shown i n  F igure  2.  The s e t t l i n g  
chamber is placed i n  a lead  l i n e d  box and is connected through t h e  box 
t o  a 300 m l  P a r r  Ins t ruments  Autoclave.  High p r e s s u r e  and temperature  
f i l t e r  ho lders  as  w e l l  a s  t h e  s o l v e n t  tank  and s e t t l i n g  chamber a r e  con- 
nected t o  t h e  a u t o c l a v e  wi th  s t a i n l e s s  s teel  tub ing  and high temperature  
Hoke v a l v e s  (0.79 cm o r i f i c e ) .  The a u t o c l a v e  has  a temperature  c o n t r o l l e d  
hea t ing  mantle f o r  cons tan t  tempera ture  from ambient t o  4OO0C and an 
e l e c t r i c  motor which produces a cont inuous  range  of speeds from zero t o  
1000 rpm. The stirrer is water cooled when r u n  a t  e leva ted  temperatures .  
A corros ion  r e s i s t a n t  p r e s s u r e  gauge (0 t o  2 .9  x lo6 N/m2) i s  used on 
both t h e  au toc lave  and t h e  s e t t l i n g  chamber. 

The s e t t l i n g  chamber i s  heated e x t e r n a l l y  wi th  h e a t i n g  t a p e  and t h e  
temperature is sensed by f o u r  t y p e  K thermocouples, i n  t h e  body of t h e  ce l l ,  
connected t o  a mult i -point  tempera ture  recorder .  The c e l l  w i t h  t h e  hea t -  
ing t a p e  and thermocouples i s  i n s u l a t e d  such t h a t  t h e r e  i s  no o b s t r u c t i o n  
to  t h e  aluminum windows. 
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O u t l e t  

ii 25.40 16.51 cm 

Front and back plates ,  body and 
bolts a r e  made of s t e e l  

Gasket m a t e r i a l  is 0 .08cm garlock 

Aluminum used is 0.16 cm 2024-T3 
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Figure 2. Schematic of the High Temperature, Pressure Sedimentation Apparatus. 
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A w e t  test meter measures t h e  n i t r o g e n  e x i t i n g  t h e  sed imenta t ion  
c e l l  dur ing  f i l l i n g .  This  g a s  flow is  used t o  c a l c u l a t e  t h e  volume of  t h e  
l i q u i d  e n t e r i n g  t h e  cel l .  

I n  a d d i t i o n  t o  sedimentat ion,  t h i s  system has t h e  c a p a b i l i t y  of f i l -  
t e r i n g  a sample from t h e  au toc lave  f o r  c h a r a c t e r i z a t i o n  of t h e  s o l i d s .  
high temperature  and p r e s s u r e  f i l t e r  h o l d e r s  from M i l l i p o r e  Corporat ion 
a r e  used i n  t h e  f i l t r a t i o n  of  t h e  t r e a t e d  c o a l  l i q u i d .  This  f i l t r a t i o n  
system is secondary t o  t h e  experimental  procedures  presented  i n  t h i s  paper .  

Two 

A Diano Corporat ion x-ray system is  employed which c o n s i s t s  of an 
x-ray head and a power supply with v a r i a b l e  v o l t a g e  and amperage c o n t r o l s .  
The spread of t h e  x-ray beam from a 0.25 nnn bery l l ium window, covers  t h e  
a r e a  of t h e  c e l l  and t h e  f i l m  i n  t h e  0.46 meter d i s t a n c e  used.  A l ead  
l i n e d  box was cons t ruc ted  t o  house t h e  x-ray head,  t h e  s e t t l i n g  chamber, 
and t h e  f i l m  holder .  The f i l m  holder ,  s h i e l d e d  by a s l o t t e d  lead  sheet,  
is movable so  t h a t  e i g h t  exposures can be taken  at e i g h t  t i m e  i n t e r v a l s  
on one s h e e t  of f i l m .  

An E-C Corporat ion automatic  dens i tometer ,  employing a c o n s t a n t  veloc- 
i t y  f i l m  suppor t ,  is used t o  analyze an i n t a c t  5 x 7 s h e e t  exposed x-ray 
f i l m  conta in ing  t h e  information of one complete experiment. The densi tometer  
i s  connected t o  a Sargent-Welch r e c o r d e r  which p l o t s  a graph f o r  each ex- 
posed p o r t i o n  ( e i g h t  i n  a l l )  on t h e  f i l m .  

Safe ty  r e q u i r e s  t h a t  t h e  x-ray be sh ie lded  t o  p r o t e c t  i n d i v i d u a l  
workers. The u n i t  i s  completely contained i n  a lead  box. P r e s s u r e  r e l i e f  
v a l v e s  are l o c a t e d  on t h e  sed imenta t ion  cell and t h e  au toc lave .  Care i s  
taken i n  t h e  handl ing of t h e  chemicals  and c o a l  l i q u i d s  used due t o  t h e  
f a c t  t h a t  t h e  m a t e r i a l s  may be carcenogenic .  

PROCEDURE 

The sedimentat ion chamber i s  p r e s s u r i z e d  w i t h  n i t r o g e n  and then heated 
t o  opera t ing  temperature .  During t h i s  process  t h e  au toc lave  i s  charged 
wi th  c o a l  l i q u i d  and brought t o  opera t ing  temperature .  
unheated t o  t h e  charged au toc lave  and mixed f o r  a per iod  of time. The re- 
s u l t i n g  temperature  a f t e r  mixing of t h e  SRC f i l t e r  feed  w i t h  a so lvent  w i l l  
sometimes be  lowered depending upon t h e  amount of so lvent  added. Thus, 
sometimes t h e  i n i t i a l  temperature  of t h e  SRC f i l t e r  feed w i l l  be h igher  
such t h a t  a f t e r  so lvent  a d d i t i o n ,  t h e  mixture  w i l l  be near  t h e  d e s i r e d  
temperature .  

Solvent  i s  added 

A f t e r  t h e  SRC f i l t e r  feed  has  been mixed wi th  t h e  a d d i t i v e  f o r  t h e  
prescr ibed  time and mixing speed, i t  is t r a n s f e r r e d  t o  t h e  sedimentat ion 
c e l l  by us ing  a n i t rogen  p r e s s u r e  d i f f e r e n c e  between t h e  c e l l  and t h e  auto- 
c lave .  

Af te r  t h e  pressure  and temperature  i n  both  t h e  ce l l  and au toc lave  
a r e  equal ized ,  t h e  wide t h r o a t e d  v a l v e s  between t h e  sed imenta t ion  c e l l  
and au toc lave  are opened. Tank n i t r o g e n  i s  opened t o  t h e  au toc lave  a t  
t h e  same pressure .  Then t h e  f low i n t o  t h e  s e t t l i n g  chamber is c o n t r o l l e d  
by t h e  gas v a l v e  on top of t h e  sed imenta t ion  c e l l  t h u s  avoid ing  high shear  
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between t h e  a u t o c l a v e  and t h e  sed imenta t ion  c e l l .  The amount of  m a t e r i a l  
i n  t h e  c e l l  i s  c a l c u l a t e d  from t h e  gas  e f f l u e n t  measured wi th  a w e t  test 
meter which i s  connected t o  t h e  v a l v e  on  top of the  s e t t l i n g  chamber. 
Af te r  t h e  sed imenta t ion  c e l l  has been f i l l e d  ( 3 0  seconds) ,  t h e  v a l v e s  are 
closed and t h e  sed imenta t ion  process  i s  monitored by x-ray photography. 
The t i m e  of exposure and t h e  i n t e n s i t y  of  t h e  x-rays i s  set t o  y i e l d  t h e  
maximum s e n s i t i v i t y  i n  t h e  important  s o l i d s  c o n c e n t r a t i o n  range.  

Upon completion of t h e  sed imenta t ion  measurements, t h e  c o n t e n t s  of 
t h e  sed imenta t ion  ce l l  is f o r c e d  back i n t o  t h e  a u t o c l a v e  and p a r t s  of t h e  
s y s t e m  are dismantled f o r  c l e a n i n g .  

The x-ray system a l s o  h a s  t h e  c a p a b i l i t y  of chemical a d d i t i v e  addi- 
t i o n  i n  t h e  ppm range t o  promote agglomerat ion o f  t h e  p a r t i c l e s  i n  c o a l  
l i q u i d s .  This  can be accomplished by f i r s t  d i s s o l v i n g  t h e  m a t e r i a l  i n  a 
s u i t a b l e  s o l v e n t  and adding t h e  s o l v e n t ,  o r  t h e  chemical a d d i t i v e  can  be  
placed i n  a p l u g  and blown i n  a t  t h e  d e s i r e d  t i m e  wi th  n i t r o g e n  pressure .  
The system also w i l l  work wi th  gaseous a d d i t i v e s  through t h e  replacement 
of t h e  n i t r o g e n  c y l i n d e r  w i t h  o n e  conta in ing  t h e  d e s i r e d  gas .  

X-RAY MEASUREMENTS 

A f t e r  t h e  start of  s e t t l i n g ,  x-ray p i c t u r e s  were u s u a l l y  taken  a t  
i n t e r v a l s  of 2 ,  4 ,  6,  8, 10 ,  20, 40 and 60 minutes .  I f  slower s e t t l i n g  
w a s  expected,  t h e  t i m e  i n t e r v a l s  would be  lengthened.  A combination 
p l e x i g l a s s  s t a n d  and f i l m  h o l d e r  pos i t ioned  t h e  x-ray f i l m  f o r  each expos- 
u r e .  A lead  sheet w i t h  0.635 c m  slit placed behind t h e  aluminum window 
of t h e  ce l l  pro tec ted  t h e  remainder  of t h e  f i l m  from be ing  exposed. 

Kodak AA x-ray f i l m  is developed i n  Kodak x-ray developer  and f ixed  
f o r  t h e  p r e s c r i b e d  per iod  of t i m e .  The f i l m  is  then  washed and r i n s e d  
i n  Photo-flo and d r i e d .  
i n t e r f a c e  i s  v i s i b l e  t o  t h e  eye  and corresponds t o  t h e , d e n s i t o m e t e r  read- 
ings.  

Usual ly  t h e  d e n s i t y  d i f f e r e n c e  of t h e  s e t t l i n g  

An x-ray photograph of SRC f i l t e r  feed a t  26OoC, shown i n  F igure  3 ,  
d e p i c t s  t h e  i n t e r f a c i a l  s e t t l i n g  zone as w e l l  a s  t h e  compression zone a t  
d i f f e r e n t  t i m e  i n t e r v a l s .  The compression zone could not  u s u a l l y  be  seen 
with t h e  eye and dens i tometer  r e a d i n g s  w e r e  used to  d e t e c t  t h e  top of  t h e  
compression zone. 

An independent experiment  w a s  conducted t o  prove t h a t  t h e  v i s u a l  
observa t ion  of t h e  i n t e r f a c e  i n  a p l e x i g l a s s  c e l l  w a s  i d e n t i c a l  t o  t h e  
c o r r e c t e d  i n t e r f a c e  from t h e  x-ray f i l m .  Neut ra l ized  a c i d  mine s ludge  
was used as  t h e  system. Data p o i n t s  p l o t t e d  i n  F igure  4 proves t h a t  t h e  
v i s u a l  and dens i tometer  r e a d i n g s  a r e  i n  agreement. 

FILM INTERPRETATION 

The f i l m  w a s  placed as n e a r  t h e  sed imenta t ion  cell  as p o s s i b l e ,  y e t  
t h e  r e s u l t s  needed t o  be  c o r r e c t e d  f o r  t h e  spread  of t h e  x-rays between 
t h e  c e l l  and t h e  f i l m .  
f i l m  versus  the  a c t u a l  h e i g h t  i n  t h e  sed imenta t ion  c e l l  i s  found by 

The c o r r e c t i o n  f o r  t h e  measured he ight  on t h e  
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Figure 3. Photograph of X-Ray Negative of SRC Filter Feed at 26OoC in the 
Sedimentation C e l l  Taken at Time Intervals Shown. Settling Inter- 
faces and Compression Interfaces can clearly be seen. 
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Figure 4 .  X-ray Versus V i s u a l  Determinat ions o f  I n t e r f a c e  Height  of Acid 
Mine Drainage. 

geometry. 
t h e  c e l l )  is i d e n t i c a l  t o  t h e  angle  of t h e  x-rays through the  l i q u i d  i n  
t h e  c e l l .  A r a t i o  of t h e  h e i g h t  i n  t h e  l i q u i d  t o  the  he ight  on t h e  f i l m  
can be obta ined  t o  g e t  a c o r r e c t i o n  f a c t o r  of 0.83. The f i l m  he ight  i s  
mul t ip l ied  by t h i s  f a c t o r  t o  g i v e  t h e  he ight  i n  t h e  c e l l .  Nine d a t a  
p o i n t s  w e r e  ob ta ined  f o r  t h e  s e t t l i n g  zone and f o r  t h e  compression zone 
from t h e  e i g h t  dens i tometer  p l o t s  ( t h e  f i r s t  d a t a  p o i n t  being t h e  i n i t i a l  
he ight  a t  t ime z e r o ) .  

An a n g l e  €I from t h e  p o i n t  source  (pointed a t  t h e  bottom of 

These c o r r e c t e d  p o i n t s  were p l o t t e d  t o  f i n d  t h e  i n i t i a l  s e t t l i n g  
r a t e  and t h e  he ight  of t h e  compacted s o l i d s .  F igure  5 r e p r e s e n t s  an i n t e r -  
f a c i a l  and compression curve  f o r  SRC f i l t e r  feed  a t  26OoC. Corrected 
he ight  i s  p l o t t e d  a g a i n s t  t i m e  f o r  t h e  top curve ( i n t e r f a c i a l  he ight )  and 
t h e  bottom curve  (compression h e i g h t ) .  The h e i g h t  of t h e  compression 
region i n c r e a s e s  w i t h  t i m e  as would be  expected u n t i l  t h e  compression zone 
and t h e  i n t e r f a c i a l  zone m e e t .  The s o l i d s  accumulat ing a r e  l o o s e l y  packed 
aGd f u r t h e r  compression occurs  a f t e r  t h e  i n t e r f a c e  meets t h e  compression 
zone. 

F i g u r e  6 shows how a n t i s o l v e n t  concent ra t ion  a f f e c t s  t h e  s e t t l i n g  of 
s o l i d s  i n  SRC f i l t e r  feed  a t  260OC. This  i s  one example of  t h e  type of 
d a t a  obta ined  from experiments  where t h e  a n t i s o l v e n t ,  mixing speed,  mixing 
t i m e ,  temperature  and c o n c e n t r a t i o n  a r e  v a r i e d .  

Note: s e q u e n t i a l  mixing,  s h o r t  per iod  at high speed t o  d i s t r i b u t e  
t h e  so lvent  fol lowed by a long per iod of low speed t o  promote agglomera- 
t i o n ,  w a s  employed. 
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Since  t h e  same amount of l i q u i d  was not  introduced i n t o  t h e  cel l  
each t i m e ,  t h e  p l o t s  of  h e i g h t  versus  time were made i n t o  dimensionless  
p l o t s .  All i n t e r f a c i a l  curves  start  a t  one, bu t  have t h e  same s l o p e  a s  
t h e  nondimensionless p l o t s .  The i n t e r c e p t  of t h e  i n i t i a l  s lope  l i n e  wi th  
the  a b s c i s s a  is equal  t o  t h e  i n v e r s e  of t h e  i n i t i a l  sedimentat ion r a t e .  

The sequencing of t h i s  new x-ray technique i s  i l l u s t r a t e d  i n  F igure  
7 .  From t h e  x-ray negat ive  ( a ) ,  four  densi tometer  p l o t s  (b)  are presented 
t o  show t h e  i n t e r f a c e  h e i g h t s  change as a f u n c t i o n  of time. The i n t e r f a c e  
he ights  of both t h e  s e t t l i n g  and compression zones from (b)  a r e  p l o t t e d  
versus  t i m e  t o  g i v e  p l o t  ( c ) .  A dimensionless  p l o t  (d) is made from (c)  
t o  normalize t h e  experiment. A l l  experiments  are p l o t t e d  with dimension- 
l e s s  o r d i n a t e s .  

REPRODUCIBILITY 

The SRC f i l t e r  feed/n-decane system was chosen f o r  t h e  r e p r o d u c i b i l i t y  
s t u d i e s .  Three i d e n t i c a l  runs  were made dur ing  t h e  t h r e e  month per iod of 
experimentat ion.  The i n i t i a l  se t t l ' ing  rate d a t a  us ing  SRC f i l t e r  feed  
from t h e  same c o n t a i n e r  of a 0.25:l r a t i o  wi th  n-decane a t  26OoC is 36 c m /  
h r  f o r  t h e  f i r s t  run,  32 cm/hr f o r  t h e  second r u n  and 33.8 cm/hr f o r  t h e  
th i rd .  These s l o p e s  are w i t h i n  t h e  c a l c u l a t e d  e r r o r  assoc ia ted  wi th  t h e  
c a l c u l a t i o n s  of i n i t i a l  s e t t l i n g  r a t e  ( s l o p e  de te rmina t ion) .  The s l o p e  of 
t h e  l i n e  i s  very  c r i t i c a l  and a s l i g h t  d e v i a t i o n  i n  drawing t h e  l ine w i l l  
lead t o  a n  error of 3 cm/hr o u t  of 30 cm/hr f o r  a shal low s lope  and as  
much as 15 cm/hr out  of 150 cm/hr f o r  a s t e e p  s lope .  The i n i t i a l  curves  
are very c l o s e  i n  t h e  f i r s t  twenty minutes  and a r e  d i f f i c u l t  t o  s e p a r a t e  
as seen i n  F igure  8. Separa t ion  occurs  when t h e  s lopes  a r e  drawn t o  t h e  
x-axis. In s p i t e  of t h e  g r a p h i c a l  d i f f i c u l t i e s ,  t h e  r e p r o d u c i b i l i t y  of 
t h e  n-decane expcrirnents i s  e x c e l l e n t .  

CONCLUSION 

A new experimental  technique has  been developed t o  observe t h e  i n i t i a l  
s e t t l i n g  r a t e  and t h e  he ight  of  t h e  compression reg ion  i n  a h igh  temperature, 
p ressure  sed imenta t ion  experiment by x-ray photography. 
x-ray photographs a r e  taken which produce a n  observa t ion  of t h e  p o s i t i o n  
of both t h e  s e t t l i n g  i n t e r f a c e  and t h e  he ight  of t h e  compression region.  
This  experimental  technique permi ts  t h e  measurement of h igh  temperature  
and p r e s s u r e  sed imenta t ion  wi thout  d i r e c t  sampling dur ing  t h e  course  of t h e  
sedimentat ion experiments .  This  o f f e r s  t h e  advantage of  n o t  d i s t u r b i n g  t h e  
s e t t l i n g  process  and e l i m i n a t e s  t h e  need f o r  t i m e  consuming chemical 
analyses  of t h e  minera l  matter s o l i d s .  

Time sequenced 

The x-ray sedimentat ion measurement provides  both  t h e  i n i t i a l  s e t t l i n g  
r a t e  and t h e  h e i g h t  of the compression reg ion .  
provides  informat ion  concerning t h e  r a t e  of sedimentat ion and t h e  h e i g h t  of  
t h e  compression reg ion  provides  informat ion  concerning t h e  maximum recovery 
of t h e  c l a r i f i e d  o i l .  This  technique can be used f o r  o t h e r  s e t t l i n g  pheno- 
mena i n  clear o r  opaque l i q u i d s  which would r e q u i r e  e leva ted  temperature  
and pressure .  

The i n i t i a l  s e t t l i n g  r a t e  
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LABORATORY STUDIES FOR SEPARATION OF 
SOLIDS FROM SYNTHOIL GROSS PRODUCT* 
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Argonne, I l l i n o i s  60515 

ABSTRACT 

A v a r i e t y  of p r o p r i e t a r y  s u r f a c t a n t s  and agglomerat ing agents  have 
been added t o  c o a l - l i q u e f a c t i o n  product  (from t h e  SYNTHOIL process)  t o  
determine t h e  e f f e c t i v e n e s s  of t h e s e  a g e n t s  i n  decreas ing  the v i s c o s i t y  
of t h e  product  o r  inducing agglomerat ion of suspended s o l i d s  i n  t h e  product .  
More than  two dozen a d d i t i v e s  were t e s t e d ,  bu t  on ly  two of t h e  a d d i t i v e s  
caused a r e d u c t i o n  i n  t h e  v i s c o s i t y  of t h e  c o a l - l i q u e f a c t i o n  product .  Two 
of t h e  a d d i t i v e s  t h a t  reduced v i s c o s i t y  and f i v e  agglomerat ing agents  were 
eva lua ted  t o  determine i f  they  could improve t h e  s e t t l i n g  of  s o l i d s  i n  t h e  
SYNTHOIL g r o s s  product .  No improvement i n  s o l i d s  s e t t l i n g  w a s  observed.  
I n  o t h e r  tests, a number of organic  s o l v e n t s  have been added t o  t h e  SYNTHOIL 
gross  product  t o  determine t h e i r  e f f e c t i v e n e s s  i n  promoting t h e  p r e c i p i t a -  
t i o n  of  suspended s o l i d s  i n  t h e  product .  High-temperature s e t t l i n g  of  t h e  
product  i n  t h e  absence of a f o r e i g n  s o l v e n t  does n o t  appear  t o  be a prom- 
i s i n g  mechanism f o r  s o l i d s  removal from t h i s  product .  However, t h e  
promoter-solvent de-ashing scheme h a s  been demonstrated t o  be a poten- 
t i a l l y  a t t r a c t i v e  s o l i d s - l i q u i d  s e p a r a t i o n  method, and kerosene had been 
found t o  be a n  e f f e c t i v e  promoter s o l v e n t  f o r  t h e  SYNTHOIL gross  product .  

INTRODUCTION 

A d i f f i c u l t  t e c h n i c a l  problem encountered i n  t h e  development of any 

This  s t e p  i s  troublesome because coal- 
c o a l  l i q u e f a c t i o n  process  is t h e  removal of s o l i d s  (carbonaceous s o l i d s  
and ash)  from t h e  product  stream. 
l i q u i d s  a r e  v i s c o u s  and conta in  h igh  c o n c e n t r a t i o n s  of suspended s o l i d  
r e s i d u e s ;  a s u b s t a n t i a l  f r a c t i o n  are i n  t h e  micrometer s i z e  range. This  
problem i s  p a r t i c u l a r l y  s e v e r e  f o r  those  processes  (such as the SYNTHOIL 
process  under development by P i t t s b u r g h  Energy Research Center)  aimed a t  
producing b o i l e r  f u e l  w i t h  minimum hydrogenat ion,  because wi th  less hydro- 
gena t ion ,  a more v i s c o u s  product  i s  produced. To m e e t  t h e  sulEur  oxide  
and p a r t i c u l a t e  emission s tandards  f o r  d i r e c t  combustion of coa l  o i l  and 
t o  avoid f o u l i n g  and poisoning of c a t a l y s t s  i n  f u r t h e r  process ing  of c o a l  
o i l ,  a s u b s t a n t i a l  f r a c t i o n  of t h e  s o l i d s  i n  t h e  o i l  must be removed. 

*Work performed under t h e  auspices  of t h e  United S t a t e s  Energy Research 
and Development Adminis t ra t ion  
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A complete s o l i d s - l i q u i d  s e p a r a t i o n  scheme g e n e r a l l y  involves  four  
b a s i c  s t e p s . ,  They are pre t rea tment ,  s o l i d s  concent ra t ion ,  s o l i d s  separa-  
t i o n ,  and pos t - t rea tment .  To opt imize  a s e p a r a t i o n ,  a l l  f o u r  s t e p s  must 
be c a r e f u l l y  cons idered .  Although it has  been recognized t h a t  s u c c e s s f u l  
pre t rea tment  or s o l i d s  c o n c e n t r a t i o n  can g r e a t l y  s i m p l i f y  t h e  e n t i r e  separ-  
a t i o n  opera t ion ,  t h i s  type  of approach has  not  been f u l l y  appl ied  t o  coa l -  
l i q u e f a c t i o n  s t u d i e s .  
addressed the s o l i d s - s e p a r a t i o n  s t e p  only.  A r e c e n t  paper  by Batchelor’  
ind ica ted  that t h e  c o s t  increment  f o r  removal of s o l i d  r e s i d u e s  from coal -  
l i q u i d s  was q u i t e  s u b s t a n t i a l ,  and r e s e a r c h  and development work i n  t h i s  
a r e a  w a s  necessary  f o r  s u c c e s s f u l  commercial izat ion of any l i q u e f a c t i o n  
process .  

Most e f f o r t s  on s o l i d - l i q u i d  s e p a r a t i o n  have 

I n  t h i s  paper ,  w e  p r e s e n t  r e s u l t s  from our  l a b o r a t o r y  s t u d i e s  f o r  
s e p a r a t i o n  of  s o l i d s  from SYNTHOIL c o a l - l i q u e f a c t i o n  product .  
cons is ted  of  two p a r t s .  
a b l e  a d d i t i v e s  (chemical pre t rea tment )  t o  f a c i l i t a t e  t h e  removal of  s o l i d  
r e s i d u e s  from the SYNTHOIL product  s t ream w a s  a t tempted.  
aimed a t  e i t h e r  reducing t h e  v i s c o s i t y  of t h e  SYNTHOIL g r o s s  product  o r  
inducing s e t t l i n g  of suspended s o l i d s  i n  t h e  gross  product ,  by t h e  addi t ion  
of a smal l  amount of chemicals .  I n  t h e  second p a r t  of o u r  s t u d i e s ,  t h e  
high-temperature  s e t t l i n g  and t h e  promoter-solvent de-ashingschemes w e r e  
explored f o r  t h e i r  e f f e c t i v e n e s s  t o  t h e  SYNTHOIL gross  product .  The 
organic  s o l v e n t s  examined i n  t h e  promoter-solventde-ashingexperiments 
ranged from s o l v e n t s  which d i s s o l v e  only  t h e  heavy-oi l  f r a c t i o n s  of t h e  
c o a l - l i q u i d s  t o  s o l v e n t s  which d i s s o l v e  a l l  organic  m a t e r i a l s  p r e s e n t .  

EXPERIMENTAL 

Materials 

The s t u d i e s  
I n  t h e  f i r s t  p a r t ,  t h e  use  of commercially a v a i l -  

Our e f f o r t  was 

The SYNTHOIL g r o s s  product  (uncent r i fuged  product ) ,  made from West 
V i r g i n i a  c o a l  ( P i t t s b u r g h  seam of I r e l a n d  Mine), w a s  suppl ied  by t h e  
P i t t s b u r g h  Energy Research Center  (PERC). This  product  o i l  w a s  produced 
i n  a nominal 1/8 i n .  x 1/8 i n .  Pyrex g l a s s  c y l i n d e r s ;  working condi t ions  
were 4,000 p s i g  and 45OoC; 35 percent  s o l i d  s l u r r y  w a s  f e d  on l ined-out ,  
coal-der ived o i l  a t  25  l b  p e r  hour. 
p roper ty  a n a l y s e s  of a sample of t h i s  product .  
t empera ture-v iscos i ty  r e l a t i o n s h i p ,  determined by us ing  a Brookfield v i s -  
cometer d e s c r i b e d  below. 

Table  1 g i v e s  t h e  r e s u l t s  of chemical 
F igure  1 shows t h e  

Chemical a d d i t i v e s  w e r e  provided by DuPont Chemical Company, Nalco 
Chemical Company, Emery I n d u s t r i a l ,  I n c . ,  and t h e  T e t r o l i t e  Div is ion  of 
t h e  P e t r o l i t e  Corporat ion.  Three broad c l a s s i f i c a t i o n s  o f  a d d i t i v e s  w e r e  
s t u d i e d ;  a n i o n i c ,  c a t i o n i c ,  and non-ionic which had e i t h e r  amide o r  su l -  
f o n a t e  f u n c t i o n a l  groups. 

A l l  hydrocarbon l i q u i d s ,  except  kerosene and f u e l  o i l ,  used i n  t h e  
promoter-solvent de-ashing tests were obta ined  from F i s h e r  S c i e n t i f i c  
Company, and a r e  a t  l e a s t  t e c h n i c a l  grade.  The kerosene and t h e  f u e l  o i l  
were purchased from a l o c a l  vendor. 



Table 1. Chemical Property Analyses 
of SYXTHOIL Gross Product. 

Product w t x  

Benzene-Solubles 86.7 

H e a v y  Oil 
Asphaltenes 

59.9 
26.8 

Benzene-Insolubles 13.3 
Ash 
Organics 

Ultimate Analysis 
C 
H 
N 
S 

4.9 
8.4 

85.0 
7.5 
1.3 
1.1 

'Table 2. Properties of DuPont Surfactants. 

Petrowet R AlUkanol hTxN 

Chemical type Anionic 
Active ingredient Sodium-dodecyl 

Concentration of active 

pB, 1% of sorbent in water 4.0 to 5.5 

sulfonate 

ingredient 222 

Flash point 91% 
Density, lb/gal 9.0 
Solubility in H20 Miscible 
Stability 
Acid Stable 
Alkali Stable 

Anionic 
Sodium-dodecyl 
benzene sulfonate 

30% 
7.5 to 9.0 
100°C 
8.6 
Miscible 

Stable 
Stable 
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F i g u r e  I .  Viscosity-Tcmpcrature Hehavior of  SYYTtiOIL 
Gross Products. 
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Procedures 

V i s c o s i t y  Reduction. A Brookfield Model LVT Synchro- lec t r ic  v i sco-  
meter w a s  used f o r  t h e  v i s c o s i t y  measurements of t h e  SYNTHOIL products .  
This u n i t ,  a long wi th  a Brookfield Thermosel System t o  h e a t  t h e  sample, 
permit ted us t o  o b t a i n  v i s c o s i t i e s  of  l i q u i d  samples between 5 and 10,000 
cp with a p r e c i s i o n  of 1%, a t  tempera tures  between ambient temperature  and 
26OoC. Measurement of t h e  temperature  i n s i d e  t h e  liquid-sample c o n t a i n e r  
of t h e  Thermosel was accomplished wi th  a c a l i b r a t e d  copper-constantan 
thermocouple; agreement wi th  t h e  set temperature  on t h e  c o n t r o l l e r  was 
wi th in  1%. To minimize t h e  o x i d a t i o n  e f f e c t  of t h e  o i l  sample, t h e  
viscosi ty-measuring u n i t  was confined i n  a P l e x i g l a s  enc losure  t h a t  was 
cont inuously purged wi th  n i t rogen .  

Additive-Induced S e t t l i n g .  I n  t h e  s e t t l i n g  tests, t h e  e f f e c t i v e n e s s  
of each a d d i t i v e  w a s  judged by i t s  e f f e c t  on t h e  e x t e n t  of s e t t l i n g  ( f o r  a 
chosen time) of suspended s o l i d s  when t h e  a d d i t i v e  was added t o  SYNTHOIL 
gross  product .  
s e c t i o n a l  a r e a )  and 40 cm long ,  were used a s  s e t t l i n g  columns. 
amount of each chemical w a s  added t o  a measured amount of SYNTHOIL gross  
product t o  make a n  approximate 65-ml mixture  of t h e  d e s i r e d  composition. 
The mixture  w a s  thoroughly s t i r r e d  a t  8OoC f o r  10 min, and w a s  then  immed- 
i a t e l y  t r a n s f e r r e d  t o  t h e  copper tube.  The top of  t h e  tube was closed wi th  
a copper Gyrolok cap. The tube  w a s  then placed i n  a s i l i c o n e  o i l  b a t h  f o r  
a prescr ibed  t i m e  i n t e r v a l  and t h e  temperature  w a s  regula ted  wi th  a Bayley 
Model 124 P r e c i s i o n  temperature  c o n t r o l l e r  t o  w i t h i n  ?Z0C of t h e  set t e m -  
p e r a t u r e  (15O-35O0C). A f t e r  c a r e f u l  removal from t h e  o i l  ba th ,  t h e  tube  
was c h i l l e d  i n  ice  water and subsequent ly  dipped i n  l i q u i d  n i t r o g e n  t o  
quickly s o l i d i f y  t h e  l i q u i d  sample; i t  took about 10 min t o  complete t h e s e  
two s t e p s .  The f r o z e n  sample was then d iv ided  i n t o  s i x  f r a c t i o n s  by 
c u t t i n g  t h e  copper tube wi th  a tub ing  c u t t e r  i n t o  s i x  5-cm-long s e c t i o n s .  
Each f r a c t i o n  w a s  analyzed f o r  a s h  and s u l f u r  c o n t e n t s  by a s tandard  ASTM 
method (D271) and a Leco technique ,  r e s p e c t i v e l y .  

Copper tubes ,  3f4- in .  OD (about  2 cm2 i n  inner  c r o s s -  
A measured 

Promoter-Solvent De-ashing. The s a m e  procedure descr ibed  above i n  
t h e  addi t ive- induced s e t t l i n g  was used a l s o  i n  de-ashing t e s t s  t o  judge 
t h e  e f f e c t i v e n e s s  of each so lvent .  However, t h e  mixing temperature  was 
maintained a t  6OoC i n s t e a d  of 8OoC.  

RESULTS AND DISCUSSION 

Viscos i ty  Reduction 

The fo l lowing  commercially a v a i l a b l e  chemicals  w e r e  t e s t e d  f o r  t h e i r  
a b i l i t i e s  t o  reduce  t h e  v i s c o s i t y  of SYNTHOIL products :  DuPont's Alkanol 
BG,  Alkanol W X N ,  Alkanol 189-S, Duponol SP, Euponol WAQE, Petrowet R ,  
Product BCO and Zonyl A, Nalco's 81C09, NALCOAL 8863 and NALCOLYTE 8861, 
Ivory soap,  Emery's E m e r e s t  2400, 2410 and Emsorb 2500, 2503, 2505, 2515, 
6903, 6915, and T r e t o l i t e ' s  TFL-313, TFL-330, TFL-366, 771-119, 772-238 
and 771-139. 

Of t h e s e  chemicals ,  on ly  two DuPont s u r f a c t a n t s  had a s i g n i f i c a n t  
e f f e c t  (> lo% v i s c o s i t y  reduct ion)  on t h e  v i s c o s i t y  of t h e  SYNTHOIL products ;  
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they have been i n v e s t i g a t e d  i n  d e t a i l .  The e f f e c t i v e  DuPont s u r f a c t a n t s  
a r e  Petrowet R and Alkanol WXN. Petrowet  R i s  a s o l u t i o n  of sodium 
dodecylsulfonate  i n  water  and i sopropyl  a lcohol ,  and Alkanol WXN is a 
s o l u t i o n  o f  sodium dedecyl  benzene s o l f o n a t e  i n  w a t e r .  The i r  p r o p e r t i e s  
a r e  l i s t e d  i n  Table  2. 

V i s c o s i t y  measurements were made on SYNTHOIL gross  product ,  t o  which 
had been added v a r i o u s  amounts of Petrowet R o r  Alkanol WXN, a s  t h e  samples 
were heated from 82OC t o  120 o r  14OoC and aga in  a t  t h e  s a m e  temperature  as 
t h e  samples were cooled.  The complete r e s u l t s  a r e  shown i n  Table 3 .  The 
est imated p r e c i s i o n  of t h e  percent  v i s c o s i t y  reduct ion  v a l u e s  i s  about  2 % .  

As c a n  be seen from t h e  r e s u l t s  f o r  0.91 w t  % Petrowet R and 1.29 w t  
% Alkanol WXN i n  Table 3, when t h e  sample w a s  heated t o  14OoC, t h e  per-  
centage r e d u c t i o n  i n  v i s c o s i t y  due t o  t h e  a d d i t i v e  w a s  n o t  r e v e r s i b l e  upon 
decreasing t h e  temperature .  The v i s c o s i t i e s  ob ta ined  a t  t h e  lower t e m -  
p e r a t u r e  upon decreas ing  t h e  temperature  were equiva len t  t o  those  obtained 
i n  t h e  absence of a d d i t i v e .  R e v e r s i b i l i t y  w a s  only p a r t i a l  when t h e  tem- 
p e r a t u r e  maximum had been 120°C. 

A t  8 Z 0 C ,  t h e  a d d i t i o n  of 1 w t  % "Petrowet" R reduced t h e  v i s c o s i t i e s  
of the  g r o s s  product  by 11%; t h e  v i s c o s i t y  of t h e  gross  product  was 
reduced by 14% by t h e  a d d i t i o n  of about  t h e  same amount of  "Alkanol" WXN. 
However, t h e  magnitude of t h e  reduct ion  i n  v i s c o s i t y  decreased a s  t h e  tem- 
p e r a t u r e  was increased ,  and t h e r e  w a s  e s s e n t i a l l y  no reduct ion  i n  v i s c o s i t y  
a t  14OoC due t o  a d d i t i v e .  Furthermore,  i f  1 w t  % a d d i t i v e  were used, t h e  
c o s t  c o n t r i b u t i o n  of t h e s e  two a d d i t i v e s  t o  t h e  product ion c o s t  of one 
b a r r e l  of o i l  would be approximately $2.40, which i s  high from a p r a c t i c a l  
viewpoint. 

Additive- Induc ed S e t t l i n g  

Researchers  a t  Oak Ridge Nat iona l  Laboratory,  using s m a l l  sedimenta- 
t i o n  tubes ,  have t h a t  c e r t a i n  l i q u i d  a d d i t i v e s  i n  l o w  concen- 
t r a t i o n  (1,000 ppm) s i g n i f i c a n t l y  increased  t h e  s e t t l i n g  r a t e  of suspended 
s o l i d s  i n  t h e  SRL* (Solvent  Refined Liquid)  of t h e  SRC (Solvent  Refined 
Coal) process .  The most promising a d d i t i v e  ( T r e t o l i t e  771-119) appeared 
t o  provide a t  least a f a c t o r  of  f i v e  improvements i n  comparison t o  t h e  
s e t t l i n g  r a t e  of unt rea ted  SRC o i l  and t o  be  v a l i d  over  a wide (210 t o  
35OoC) temperature  range.  
t i c a l l y  n e g l i g i b l e  e f f e c t  on t h e  v i s c o s i t y  of t h e  SRC u n f i l t e r e d  o i l ,  t h e  
improvement i n  s e t t l i n g  i s  be l ieved  t o  be  due t o  t h e  agglomerat ion of s o l i d  
res idues ,  o r  t h e  c o p r e c i p i t a t i o n  of asphal tene  and ash.  It was bel ieved 
t h a t  i f  s imilar r e s u l t s  could a l s o  be  obta ined  f o r  t h e  SYNTHOIL g r o s s  
product ,  t h e  s o l i d s  agglomerat ion induced by a d d i t i v e s  would g r e a t l y  s i m -  
p l i f y  subsequent s e p a r a t i o n  s t e p s ,  

S ince  t h e  s m a l l  amount of a d d i t i v e s  had a prac- 

*The s o l v e n t  r e f i n e d  l i q u i d  i s  t h e  u n f i l t e r e d  combination of d i sso lved  coa l  
and so lvent .  
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Table Y. Effect  of Additives on Viscosity of SYXTHOIL Gross ?duct. 

For each concentration, v i s c o s i t y  measurements were taken 
vith temperature increasing to the temperature maximum 
and then w i t h  tecperature decreasing. 

Additive 
Weight Viscositya (CD) 

820c loooC 120°C 140°C 120°C 100°C 82’C (wt %) 

0 

0 

Petrowet R 

0.06 

0.16 

0.45 

0.91 

1.47 

Alkanol WXS 

0.39 

0.63 

1.13 

1.29 

241. 
242. 

240. 
(0.8) 
232. 
(4 * 1) 
221. 
(8.7) 
218. 
(9.5) 
216. 
(10.8) 

228. 
(5.8) 
211. 
(12.8) 
209. 
(13.6) 
208. 
(13.7) 

82.8 
83.0 

82.7 
c0.4) 
80.2 
(3.4) 
76.5 
(7.8) 
75.0 
(9.4) 
75.0 
(9 * 6) 

79.0 
(4.8) 
74.5 
(10.2) 
73.2 
(11.6) 
72.5 
(12.4) 

37.0 
37.4 

36.8 
(1.6) 
36.2 
(3.2) 
35.7 
(4.5) 
35.4 
(4.3) 
35.5 
( 5  - 1) 

36.2 

35.0 
(6.4) 
34.8 

34.7 
(6.2) 

(3 * 2) 

(7.0) 

21.3 

21.2 
( 0 . 5 )  

21.0 
(1.4) 

37.2 
37.4 

36.8 

36.2 
(3.2) 
35.7 
(4.5) 
37.2 
(0.0) 
35.5 
(5-1) 

(1.6) 

36.2 
(3.2) 
35.0 
(6.4) 
34.8 
(7 - 0 )  
37.0 
(0.5) 

85.2 
03.8 

83.0 
(1.0) 
81.5 
(2.7) 
80.5 
(3 - 9) 
85.4 
(0.0) 
80.5 
(3.9) 

80.4 
(4.1) 
76.4 
(8.8) 
76.6 

84.5 
(0.8) 

(8 * 6 )  

275. 
247. 

244. 
(1.2) 
234. 
(5.3) 
240. 
(2.8) 
276. 
(0.0) 
233. 
(5.7) 

240. 
(2.8) 
228. 
(7.7) 
228. 
(7.7) 
214. 
(0.4) 

apercentage reductions in v i s c o s i t y  

1 (loo Viscosity of Gross Product - Viscosity of Gross Product with Additive 
Viscosity of Gross Product 

are ia parentheses. 
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Seven chemicals  have been eva lua ted  us ing  t h e  s e t t l i n g  test .  They 
are: Nalco 's  81C09, NALCOAL 8863 and NALCOLYTE 8861, DuPont's Petrowet R ,  
and Alkanol WXN, and T r e t o l i t e ' s  771-119 and 772-238. Experiments wi th  
the f i r s t  f i v e  a d d i t i v e s  w e r e  conducted a t  200°C and wi th  t h e  last two 
a d d i t i v e s  a t  25OoC; s e t t l i n g  t i m e  was 4 h r .  
the r e s u l t s  f o r  b lank  tests showed no s i g n i f i c a n t  a d d i t i o n a l  s e t t l i n g  of 
s o l i d  r e s i d u e s .  The d i s p a r i t y  of t h e  e f f e c t  of T r e t o l i t e ' s  771-119 on 
SYNTHOIL g r o s s  product  wi th  t h e  r e s u l t s  obtained f o r  SRL a t  ORNL i s  not  
s u r p r i s i n g  because SRL d i f f e r s  cons iderably  from t h e  SYNTHOIL gross  product .*  

High-Temperature S e t t l i n g  

Comparison of t h e  r e s u l t s  wi th  

Scout ing s t u d i e s  by r e s e a r c h  workers a t  Oak Ridge Nat iona l  Laboratory 
(ORNL) a l s o  showed t h a t  high-temperature  s e t t l i n g  i s  a promising mechanism 
f o r  s o l i d s  s e p a r a t i o n  from SRC (Solvent  Refined Coal) u n f i l t e r  o i l .  They 
a l s o  not iced t h a t  d u r i n g  t h e  course  of s e t t l i n g  a t  e leva ted  temperatures ,  
suspended s o l i d  r e s i d u e s  agglomerated,  probably due t o  s o f t e n i n g  of high- 
molecular-weight hydrocarbons coa ted  on t h e  s u r f a c e  of t h e  s o l i d  r e s i d u e s ;  
consequently, t h e  s o l i d s  s t u c k  toge ther  upon c o l l i s i o n .  

Table 4 gives  r e p r e s e n t a t i v e  s e t t l i n g  r e s u l t s  f o r  SYNTHOIL g r o s s  
product a t  200 and 25OoC. 
workers f o r  SRC u n f i l t e r e d  o i l ,  no g r e a t  s e t t l i n g  of t h e  SYNTHOIL g r o s s  
product occurred i n  4 h r .  Even a f t e r  s e t t l i n g  f o r  t h e  i m p r a c t i c a l  time 
i n t e r v a l  o f  24 h r ,  t h e  top f r a c t i o n  w a s  n o t  c l e a r .  Also, s e t t l i n g  w a s  only 
s l i g h t l y  improved when t h e  s e t t l i n g  temperature  w a s  increased  from 200°C 
to 25OoC. 

Unlike t h e  r e s u l t s  observed by Oak Ridge 

Using t h e  S toke ' s  equat ion  and t h e  v i s c o s i t y  r e s u l t s  from Fig.  1, w e  
ca lcu la ted  t h e  s e t t l i n g  v e l o c i t i e s  of a 6-pm s p h e r i c a l  s o l i d  p a r t i c l e  a t  
200°C and 25OoC; they a r e  0.7 cm/hr and 1 cm/hr, r e s p e c t i v e l y . 6  Because 
it  f a i l s  t o  t a k e  t h e  shape e f f e c t  of suspended p a r t i c l e s  and t h e  i n t e r -  
a c t i o n s  between i n d i v i d u a l  p a r t i c l e s  i n t o  account ,  t h e  S toke ' s  equat ion  
does not  provide  a c c u r a t e  p r e d i c t i o n s  of t h e  s e t t l i n g  v e l o c i t i e s  f o r  a 
complex system o f  h igh  s o l i d  c o n c e n t r a t i o n  and wide p a r t i c l e - s i z e  range.  
Nevertheless ,  t h i s  equat ion  can  be used t o  c a l c u l a t e  an upper l i m i t  f o r  
s e t t l i n g  v e l o c i t y .  
g ross  product  a r e  i n  t h e  s i z e  range  under 6 pm, t h e  smallness  of t h e  ca l -  
cu la ted  v a l u e  of s e t t l i n g  v e l o c i t i e s ,  i n  conjunct ion  wi th  t h e  preceding 
experimental r e s u l t s ,  sugges t  t h a t  i n  t h e  absence of a second s o l v e n t ,  
high-temperature s e t t l i n g  i s  u n l i k e l y  t o  be a p r a c t i c a l  s e p a r a t i o n  scheme 
for  t h e  SYNTHOIL process  s t r e a m .  

S ince  about  30 w t  % of  s o l i d  p a r t i c l e s  i n  t h e  SYNTHOIL 

I 

High-Temperature S e t t l i n g  wi th  Solvent  

Promoter-solvent de-ashing has  been demonstrated t o  be a promising 
scheme of removing suspended s o l i d  r e s i d u e s  from t h e  product  s t r e a m  f o r  a i 
v a r i e t y  o f  c o a l - l i q u e f a c t i o n  processes ;  '-' however, t h e  mechanism behind 

I 
*In t h e i r  r e c e n t  progress  r e p o r t  (ORNL-5208), however, ORNL r e s e a r c h e r s  
i n d i c a t e d  t h a t  the  s i g n i f i c a n t  improvement ( a t  least a f a c t o r  of 5)  observed 
wi th  smal l  sed imenta t ion  t u b e s  could not  be  found wi th  t h e i r  bench-scale 
s e t t l e r .  a 
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T a b l e  4. Ar.alyses of S e t t l i n g  F r a c t i o n s  o f  SI"H0IL Gross 
P r o d u c t  ( 4 . 9  w t  X Ash, 1.1 w t  % S). 

S e t t l i n g  S e t  t 1 i n g  
Temperature  T i n e  F r a c  t i o n a  Ash S u l f  u r  
('0 (hr) No. (wt Z) ( w t  %)b 

200 4 1 4.1 1.1 
2 4.1 1.0 
3 4.1 1.0 
4 4.2 1.1 
5 4 .2  1.3 
6 5.4 1.3 

200 

250 

24 1 0.54 0.67 
2 1.6 0.67 

4 6 . 9  1.2 
5 7.9. 1.3 
6 9.6 1.5 

3 3.0 0.87 

4 1 4.0 

3 4.0 
4 4 . 0  
5 4.0 
6 8.1 

2 4 .0  

'Each f r a c t i o n  i s . 5  cm l o n g ;  f r a c t i o n  nunbers  are in o r d e r  from 

bThe e s t i n a t e d  p r e c i s i o n s  a r e  5% f o r  ash and  10% f o r  s u l f u r .  

t h e  t o p  t o  the bottom of  a sanple. 

its success  i s  s t i l l  not  f u l l y  understood.  
presence of a second l i q u i d  phase causes  t h e  h e a v i e r  a s p h a l t i c  m a t e r i a l s  
t o  p r e c i p i t a t e  by lowering t h e i r  s o l u b i l i t y  l i m i t  t o  t h e  heavy-oil phase. 
It i s  a l s o  very  p o s s i b l e  t h a t  some of t h e  s o l i d  p a r t i c l e s  would a c t  a s  
sites f o r  t h e  i n i t i a t i o n  of p r e c i p i t a t i o n  and t h a t ,  a s  t h e  p r e c i p i t a t i o n  
process  cont inues ,  some of t h e  s o l i d  p a r t i c l e s  would s t i c k  toge ther ,  form- 
ing l a r g e  aggregates .  

It has  been suggested t h a t  t h e  

The s e l e c t i o n  of e f f e c t i v e  promoter s o l v e n t s  f o r  d i f f e r e n t  l i q u e f a c -  
t i o n  products  i s ,  never the less ,  l a r g e l y  an a r t .  
between i n v e s t i g a t o r s  on t h e  e f f e c t i v e n e s s  of  a promoter l i q u i d .  
i n s t a n c e ,  Gorin and coworkers' s t a t e d  t h a t ,  on a weight b a s i s ,  n -paraf f ins  
from n-butane t o  n-decane, cyclohexane, and d e c a l i n  w e r e  approximately 
equal ly  e f f e c t i v e  i n  de-asphal t ing and reducing t h e  a s h  conten t  of a CSF 
(Consol Synthe t ic  Fuel)  product  stream. 
t h a t  hexane, being a p a r a f f i n i c  l i q u i d ,  is n o t  a n  e f f e c t i v e  promoter sol-  
vent  f o r  a Lumus l i q u e f a c t i o n  product .  

Some cont roversy  e x i s t s  
For 

However, Sze and Snel l "  concluded 

a i  



In our s tudy ,  t h e  fol lowing organic  l i q u i d s  were t e s t e d :  n-hexane, 
n-octane, No. 2 f u e l  o i l ,  kerosene,  t o l u e n e ,  t e t r a l i n ,  and te t rahydrofuran .  
The n-hexane is be l ieved  t o  d i s s o l v e  only  the  heavy-oi l  f r a c t i o n s  of t h e  
coa l - l iquefac t ion  product ;  t h e  te t rahydrofuran  is a b l e  t o  d i s s o l v e  n e a r l y  
a l l  of t h e  o r g a n i c s .  The r e s t  of t h e  s o l v e n t s  have i n t e r m e d i a t e  so lvent  
powers. N-octane has  a s o l v e n t  power c l o s e  t o  t h a t  o f  n-hexane; t h e  s o l -  
vent  powers of t e t r a l i n  and t o l u e n e  a r e  c l o s e  t o  t h a t  f o r  te t rahydrofuran .  
Because of t h e  complex n a t u r e  of  t h e  coa l - l iquefac t ion  product ,  t h e  t r u e  
so lvent  power of each s o l v e n t  t o  t h e  product  could  n o t  be a c c u r a t e l y  
es t imated .  

Representa t ive  r e s u l t s  f o r  s e t t l i n g  runs w i t h  t o l u e n e ,  n-octane, and 
kerosene a r e  t a b u l a t e d  i n  Table  5 .  T e t r a l i n  and te t rahydrofuran  gave 
r e s u l t s  s i m i l a r  t o  those  f o r  t h e  to luene ,  and t h e  r e s u l t s  f o r  n-hexane and 
No. 2 f u e l  o i l  were s l i g h t l y  i n f e r i o r  t o  those  f o r  t h e  n-octane. These 
r e s u l t s  c l e a r l y  suppor t  Sze and S n e l l ’ s  f i n d i n g g ” ’  t h a t ,  of t h e  s o l v e n t s  
w e  have t e s t e d ,  kerosene is  t h e  most e f f e c t i v e  and promising promoter 
so lvent  f o r  t h e  SYNTHOIL g r o s s  product .  The s e t t l i n g  e f f i c i e n c y  of s o l i d  
p a r t i c l e s  appears  t o  i n c r e a s e  as t h e  c o n c e n t r a t i o n  of t h e  promoter s o l v e n t  
increases .  The r e s u l t s  f o r  s e t t l i n g  r u n s  us ing  30 w t  % kerosene are 
e s p e c i a l l y  good, r e s u l t i n g  i n  t h r e e  top  f r a c t i o n s  of a lmost  ash-free o i l .  
When t h e  s e t t l i n g  temperature  w a s  increased  from 2OO0C t o  25OoC, the  
s e t t l i n g  time requi red  t o  o b t a i n  t h r e e  c l e a r  o i l  f r a c t i o n s  w a s  reduced 
from 6 h r  t o  4 h r ,  i n d i c a t i n g  t h a t  temperature  a l s o  p l a y s  a n  important  r o l e  
i n  t h e  s e t t l i n g  process .  

I n  a n  a t tempt  t o  p a r t i a l l y  v e r i f y  t h e  s p e c u l a t i o n  t h a t  t h e  func t ion  
of t h e  added promoter s o l v e n t  i s  t o  induce  t h e  p r e c i p i t a t i o n  of  heavy 
a s p h a l t e n e s ,  w e  measured t h e  v i s c o s i t y  of each f r a c t i o n  from t h e  2OO0C 
s e t t l i n g  r u n  wi th  30 w t  % kerosene.  The r e s u l t s  a r e  presented  i n  ‘Table 6. 
Also shown i n  t h e  t a b l e  a r e  v i s c o s i t i e s  of  t h e  SYNTHOIL g r o s s  product-  
kerosene mixture  a t  s e v e r a l  t empera tures .  The v i s c o s i t y  r e s u l t s  f o r  t h e  
bottom two f r a c t i o n s  ( 5  and 6 )  are much g r e a t e r  than those  f o r  o t h e r  f o u r  
f r a c t i o n s ,  and a c l e a r  v i s c o s i t y  g r a d i e n t  e x i s t s  from t h e  top t o  t h e  
bottom. 
product i n c r e a s e s  g r e a t l y  wi th  i n c r e a s i n g  asphal tene  c o n t e n t .  l 1  The v i s -  
c o s i t y  r e s u l t s  t h u s  suppor t  t h e  sugges t ion  t h a t  most of  t h e  heavy asphal-  
t enes  p r e c i p i t a t e d  and s e t t l e d  i n  t h e  bottom f r a c t i o n s  d u r i n g  t h e  course 
of s e t t l i n g .  

I t  is w e l l  known t h a t  t h e  v i s c o s i t y  of  t h e  c o a l  l i q u e f a c t i o n  

One p o i n t  regard ing  t h e  promoter-solvent de-ashing method t h a t  should 
be emphasized i s  t h a t  a l though t h e  major advantage of t h i s  method is elim- 
i n a t i o n  of t h e  t roublesome r o t a t i o n a l  equipment a s s o c i a t e d  w i t h  f i l t e r s  
and c e n t r i f u g e s ,  i t s  economic j u s t i f i c a t i o n  is highly  dependent on recovery 
and recyc l ing  of  t h e  promoter s o l v e n t .  
d e s i r a b l e  t h a t  a b o i l i n g  p o i n t  gap e x i s t s  between the promoter so lvent  and 
t h e  f r o n t  end of  the c o a l - l i q u e f a c t i o n  product  t r e a t e d .  
gested’ t h a t  t h e  low-boi l ing f r a c t i o n s  of the  coal-der ived complex f i r s t  
be d r i v e n  o f f  t o  p r o v i d e  t h e  b o i l i n g  p o i n t  gap. 
process ,  t h e  primary g o a l  i s  t o  produce n o n d i s t i l l a b l e  b o i l e r  f u e l s ,  and 
t h e  boi l ing-poin t  gap d e s i r e d  i s  n a t u r a l l y  b u i l t  in .  l 2  
promoter-solvent de-ashing scheme should be  p a r t i c u l a r l y  u s e f u l  i n  t h e  
SYNTHOIL process .  

To f a c i l i t a t e  recovery,  i t  i s  

It has  been sug- 

However, f o r  t h e  SYNTHOIL 

Consequently, t h e  
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Table 5 .  Analyses of Set t l ing  Fractiocs of SYXTHOIL Gross-Solvent Mixtures. 

Se t t l ing  Se t t l ing  
Temperature Time Fraction Ash Sulfur 

Solvent (“0 (hr) No. (wt X )  (wt X )  

20 ut x 200 
toluene 

25 w t  Z 
a-octane 

25 w t  Z 
kerosene 

200 

200 

30 W t  X 
kerosene 

200 

30 w t  X 
kerosene 

250 

4 1 
2 
3 
4 
5 
6 

6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

4 1 
2 
3 
4 
5 
6 

2.1 
2 .5  
2.6 
2.7 
2.5 
4.6 

1 . 5  
2.1 
2.5 
2.1 
2 .8  
7 . 8  

0.91 
1.0 
0.8 
1.7 
5.5 
8.7 

0.03 
0.02 
0.03 
1 .5  
6.7 

11.8 

0.01 
0.06 
0.05 
1 . 5 1  
6 . 9  
11.0 

0.91 
0.94 
0.96 
0.95 
0.98 
1.32 

0.76 
0.70 
0.64 
0.78 
0.85 
1.37 

0.44 
0.56 
0 .55  
0.67 
1.1 
1 .4  

Table 6 .  V i scos i t i e s  of 200’C Set t l ing  Fractions of SYhTHOIL 
Gross Product-30 wt I Kerosene :.fixture. 

SYNTHOIL- Fraction KO. 
T Kerosene 

(“C) Mixture 1 2 3 4 5 6 

50 72 .4  18.8 30 .6  40.8 41 .5  405 :>10,000 
100 11.5 9.0 10.1 9 .8  11.2 42 372 
150 7 .5  6.1 6 .8  6 . 2  6 .4  18 127 
200 5 .0  3.8 3 . 6  4 . 6  4 .2  12.6 41.9 
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CONCLUSIONS 

Tests of  more t h a n  two dozen commercially a v a i l a b l e  a d d i t i v e s  ind i -  
c a t e  t h a t  t h e  u s e  of a d d i t i v e s  t o  reduce t h e  v i s c o s i t y  of c o a l - l i q u e f a c t i o n  
product streams i s  n o t  product ive .  The g r e a t e s t  reduct ion  i n  v i s c o s i t y  
observed f o r  SYNTHOIL products  i s  14% a t  low temperature  (82'0; f u r t h e r  
decreases  i n  v i s c o s i t y  become smal le r  as t h e  temperature  i n c r e a s e s .  Such 
r e l a t i v e l y  smal l  r e d u c t i o n s  i n  v i s c o s i t y  could b e  r e a l i z e d  by a s m a l l  
increase  i n  temperature  i n  t h e  absence of a n  a d d i t i v e .  Furthermore, c o s t  
f i g u r e s  do n o t  suppor t  t h e  use  of a d d i t i v e s  a s  a p o t e n t i a l  p re t rea tment  
s t e p  t o  reduce  t h e  v i s c o s i t y  of  c o a l - l i q u e f a c t i o n  product  s t reams.  

Although a d d i t i v e - s e t t l i n g  tests d i d  not  y i e l d  p o s i t i v e  r e s u l t s  f o r  
t h e  SYNTHOIL g r o s s  product ,  chemical pre t rea tment  has  been widely appl ied  
and d e s i r a b l e  agglomerat ion h a s  been experienced i n  t h e  waste  water  t r e a t -  
ment a r e a .  This  pre t rea tment  s t e p  is p o t e n t i a l l y  a t t r a c t i v e  and warran ts  
more i n v e s t i g a t i o n .  

High-temperature s e t t l i n g  wi th  no second .solvent  added i s  u n l i k e l y  
t o  be a p r a c t i c a l  s o l i d s - l i q u i d  s e p a r a t i o n  scheme f o r  t h e  SYNTHOIL process  
stream. 

The a t t r a c t i v e  promoter-solvent de-ashing method f o r  removing s o l i d  
r e s i d u e s  from product  stream h a s  been demonstrated t o  be a p p l i c a b l e  t o  t h e  
SYNTHOIL gross  product .  S e l e c t i o n  of s u i t a b l e  promoter s o l v e n t s  is t h e  
key t o  t h e  success  of th i s  method, and w e  have found t h a t  kerosene i s  an 
e f f e c t i v e  promoter s o l v e n t  f o r  t h e  SYNTHOIL gross  product .  
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PHOTOCHEMICAL H ATOMS AS A STRUCTURAL PROBE 
OF THE SURFACE OF COAL’ 
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G i l b e r t  J. Mains, Muthu Sp. Sundaram and Joseph Solomon’ 
Department of Chemistry 
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ABSTRACT 

Hydrogen atoms, produced by t h e  mercury p h o t o s e n s i t i z a t i o n  of  Hz, 
were made t o  i n t e r a c t  wi th  c o a l  d u s t ,  -53 t o  +38 microns, a t  200°C i n  a 
flow r e a c t o r .  I l l i n o i s  No. 6 ,  P i t t s b u r g h  Seam, and Utah-Emery c o a l s  pro- 
duced a l a r g e  number of products  i n  t h e  C2 t o  C 8  range.  Wyoming-Wyodak 
coa l  was cons iderably  less r e a c t i v e .  The k i n e t i c ,  q u a n t i t a t i v e ,  and 
s t r u c t u r a l  impl ica t ions  of t h e s e  r e s u l t s  a r e  d iscussed .  Experimentat ion 
with d i f f e r e n t  r e a c t o r  c o n d i t i o n s  cont inues .  

INTRODUCTION 

Considerable  i n t e r e s t  i n  t h e  i n t e r a c t i o n  of hydrogen atoms w i t h  c o a l  
sur faces  has  been ev ident  f o r  over  twenty-f ive y e a r s , 3  r e s u l t i n g  i n  a 
review of t h e  l i t e r a t u r e 4  i n  1965 and r e c e n t  r e s e a r c h  by N. Berkowitz, 
e t  a l . 5 - 6  Despi te  t h i s  i n t e n s e  i n t e r e s t  t h e  d a t a  a r e  c o n f l i c t i n g ,  and 
range a l l  t h e  way from r e p o r t s  of no r e a c t i o n  a t  ambient temperature  t o  
complete g a s i f i c a t i o n .  Some of t h e s e  d i s c r e p a n c i e s  arise from t h e  d i s -  
charge technique used t o  g e n e r a t e  t h e  H atoms; c o a l  d u s t  probably found 
i t s  way i n t o  t h e  d i s c h a r g e  i t s e l f  i n  some i n s t a n c e s .  Photochemical pro- 
duct ion of H atoms was mentioned and dismissed a s  be ing  too  i n e f f i c i e n t . 4  
Because of t h e  experimental  d i s c r e p a n c i e s  and t h e i r  probable  cause,  t h e  
system H . atoms + c o a l  w a s  r e i n v e s t i g a t e d  wi th  photochemical ly  generated 
H atoms. 

EXPERIMENTAL 

I n  work repor ted  e l sewhere  i n  t h i s  symposium i t  was found t h a t  cryo- 
crushing w a s  t h e  gr inding  method of choice  i f  t h e  s u r f a c e  of t h e  c o a l  w a s  
t o  represent  bu lk  c o a l  more a c c u r a t e l y .  The gr inding  techniques  are 
reported elsewhere7 and w i l l  n o t  be descr ibed  here .  The bi tuminous c o a l s  

‘Based i n  p a r t  on d a t a  t o  b e  submi t ted  by Muthu Sp. Sundaram as a 
Ph.D. D i s s e r t a t i o n .  

‘On s a b b a t i c a l  l e a v e ,  P h i l a d e l p h i a  Col lege of Pharmacy and Science,  

3V. J. Avaremko, J. Phys. Chem. (U .S .S .R)  20, 1299 (1946). 

4F. T. Pinchin,  B r i t .  Coal U t i l .  R e s .  Assoc., Monthly B u l l e t i n ,  2, 105 

5Y. Sanada and N .  Berkowitz, Fuel, 48, 375 (1969). 

%. Kobayashi and N. Berkowitz, Fuel, 2, 254 (1971). 

7J. A. Solomon and G. J. Mains, Fuel, (accepted f o r  p u b l i c a t i o n ,  1977). 

Phi lade lphia ,  Pa. 

(1965). 
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were d r i e d  a t  200°C i n  an oven through which N 2  gas  w a s  passed cont inuously.  
The sub-bituminous Wyoming-Wyodak c o a l  was d r i e d  i n  a vacuum oven a t  100°C. 
I l l i n o i s  No. 6 ,  P i t t s b u r g h  Seam, Utah-Emery, and Wyodak coa l  samples w e r e  
then cryocrushed,  s ieved ,  and s t o r e d  i n  a n i t r o g e n  environment. Only the  
-53/+38 micron f r a c t i o n s  were used i n  t h e s e  s t u d i e s .  

F i f t e e n  grams of c o a l  w e r e  mixed wi th  a n  equal  weight of  ground g l a s s ,  
+50 micron s i z e s ,  and placed on a f r i t ,  F1, F igure  1, f o r  d i s p e r s a l  i n  t h e  
quartz  r e a c t o r .  
condenser water used t o  produce s a t u r a t i o n .  The r e a c t o r  w a l l s  were heated 
by pass ing  c u r r e n t  through t h e  nichrome h e a t e r s .  The s i x ,  meter-long, 
germicidal  lamps, 36 w a t t s  each,  were cooled w i t h  r a p i d l y  f lowing,  f i l t e r e d  
a i r  and turned on. 
dus t  (about 300 l i t e r s / m i n )  w a s  i n i t i a t e d .  
1/4"  g l a s s  beads,  w e r e  precooled i n  l i q u i d  n i t r o g e n  f o r  n ine ty  minutes  
before  t h e  experiment and w e r e  by-passed i n i t i a l l y .  When t h e  temperature  
i n  t h e  quar tz  r e a c t o r  reached 200°C, t h e  liquid-N2-cooled t r a p s  were opened 
and t h e  gas by-pass c losed .  Throughout t h i s  per iod  and t h e  remainder of the 
experiment, t h e  f i n e r  coa l  d u s t ,  which tended t o  accumulate on t h e  M i l l i -  
pore f i l t e r ,  Fq on Figure  1, was recyc led  u s i n g  a mechanical v i b r a t o r .  A t  
t h e  end of an hour ,  dur ing  which t h e  temperature  sometimes dropped a s  low 
a s  185OC, t h e  f low w a s  d i scont inued  and t h e  t r a p s  were i s o l a t e d  f o r  ana lyses .  

The mercury s a t u r a t o r  was hea ted  t o  near  100°C and ambient 

Next, a s t ream of H2 s u f f i c i e n t  t o  d i s p e r s e  t h e  c o a l  
Traps TI and T2, packed w i t h  

In t h e  act inometry experiments, t h e  i d e n t i c a l  procedure w a s  followed 
t 

except t h a t  t h e  c o a l  was omit ted and t h e  c a r r i e r  gas contained 2% e thylene .  

The t r a p s  were disconnected from t h e  appara tus  and t h e  excess  H2 was 
pumped away a t  l i q u i d  n i t r o g e n  temperature .  The r e s i d u a l  g a s e s ,  a f t e r  the  
t r a p s  were warmed t o  ambient temperature  f o r  s e v e r a l  hours ,  were sampled 
with a 25-cc sample loop and i n j e c t e d  on t o  a gas  chromatographic column a t  
6OoC, 1/8" x lo', packed wi th  fi-C18/Porasil C ,  i n  a Perkin-Elmer Model 990 
gas chromatograph equipped w i t h  a thermal  conduct iv i ty  d e t e c t o r  using 8% 
H2 i n  H e  c a r r i e r  gas. The r e s u l t a n t  gas  chromatograms a r e  reproduced i n  
Figures  2 through 5, i n c l u s i v e .  

RESULTS AND DISCUSSION 

Because t h e  vapor p r e s s u r e  of Hg was h igh ,  probably near  a m i l l i t o r r ,  
most of t h e  2537A resonance r a d i a t i o n  was absorbed w i t h i n  0 .2  c m  of t h e  
quar tz  wal l .  
were e s s e n t i a l l y  completely quenched by t h e  atmosphere of H2 and thus  gener- 
a ted two H atoms per  photon i n  t h i s  240 cm3 zone. 
r a p i d l y  moving H atoms a t t a i n e d  a uniform c o n c e n t r a t i o n  throughout t h e  
v e s s e l  i s  not  known, nor i s  t h e  rate a t  which they were removed a t  t h e  quartz  
r e a c t o r  s u r f a c e  by recombination. When 2% e t h y l e n e  w a s  added t o  t h e  f low 
stream in t h e  absence of c o a l  and t h e  r e s u l t a n t  butane,  e thane,  e thylene  
mixture  analyzed,  a r a t e  of H atom formation o f  2.90 x 10" atomsjsec i n  the 
r e a c t o r  w a s  i n d i c a t e d .  
cc / sec  w a s  t h e  s t a t i o n a r y  s ta te  r a t e  of hydrogen atom product ion  and a n  over- 
a l l  s teady  s ta te  concent ra t ion  of about 2 x 1013 H atoms/cm3 can be ca lcu-  
l a t e d ,  which compares w e l l  wi th  t h o s e  generated by d ischarge  techniques.  

However, t h e  r e s u l t a n t  e x c i t e d  3Pl Hg atoms, T~ 2 lo-' s e c ,  

The e x t e n t  t o  which t h e  

If t h e s e  were uniformly d i s t r i b u t e d ,  5.4 x lOI4 atoms/ 

Although no c o a l  d u s t  depos i ted  on t h e  w a l l s  of t h e  quar tz  r e a c t o r ,  i t  
d id  c o l l e c t  on t h e  pyrex thermometer, t h e  M i l l i p o r e  f i l t e r  paper ,  F4, and i n  
t h e  lower un- i r rad ia ted  zone. This  d e p o s i t i o n  precluded a q u a n t i t a t i v e  

87 



AIR HOLES (OUTLET) 

UV LAMPS (6 TOTAL 1 

THERMOMETER 75mm QUARTZ 
REACTOR SPIRA STAIN LESS STEEL 
WRAPPED WITH REFLECTOR SUR- 
NICHROME HEAT- ROUNDING THE 
ING WIRE 

R HOLES (INLET) 

HEATED MERCURY 
SATU RATOR 

FROM H2 CYLINDERS 
AND FLOWMETERS 

T H E  PHOTOREACTOR 
Figure 1 
88 



I 3SNOdS38 &I0133130 
1 

A 1 I A I13 na NO3 1 W Vu83 HI 

I 

I 

(3 
z 

89 

4 

0 

0 

3 
N 

3 



90 



3 S NOdS3U &lo133130 
~ A l I A I 1 3 ~ O N 0 3  lWWtl3Hl  

'-a -===I--> A 

91 



92 



determination of the particle concentration. Swirling coal dust in the 
reactor zone is visible to acute eyes and is inferred readily by light 
scattering when He-Ne laser beam is directed through the reactor. A coarse 
(and, probably, high) estimate of the particle concentration can be made 
if one assumes that 0.01% of the coal is dispersed in the flowing Hp at any 
given time; making this admittedly poor assumption, we calculate 6 x l o 6  
coal particles/cc in the reactor. This suggests about Avogadro's Number of 
collisions per second between atomic H and coal dust, and the yields sug- 
gested in Figures 2 to 4 are consistent with the formation of 10'4-10'5 
product molecules per second. 
order of lo-' to lo-' which is below the lo-' value observed by Snelson' 
for graphite; the estimated coal particle concentration must be far too 
high and/or the profile of atomic hydrogen not uniform across the reactor. 
Based on the overall product yield estimates and the actinometry for the 
entire reactor, the product efficiency per hydrogen atom must be in the lo-' 
to range. Clearly, further experimentation, especially product iden- 
tity and quantification, is required to decrease the uncertainty in the 
yield per H atom. 

This suggests a collision efficiency of the 

Examination of Figures 2, 3, and 4 shows that the gas chromatographic 
traces are extremely similar for the hydrogenation products from Illinois 
No. 6, Pittsburgh Seam, and Utah-Emery coals. Although all three are indeed 
bituminous coals, they are physically very different and one would be sur- 
prised if they had identical surface compositions. The "fingerprints" do 
show subtle differences, but in view of the uncertainties just discussed, 
one is struck more by their similarity than anything else. (At this writ- 
ing, on ly  a few of the peaks have been identified. It is hoped that GC-MS 
identification will be made on every peak this summer.) Either the surface 
structures which can be "cracked off" by H atoms at 185°-2000C are the same 
for these three coals or all the products represented by peaks have common 
precursors which are liberated from the coals in the experiment, e.g., BTX 
and naphthalenes. Worth mentioning is one experiment in which He carrier 
gas was used instead of H2. Only very small yields of benzene (20 minute 
elution time) and the product with 35-minute retention time were found in 
the traps, presumably photo-detached from the coal surface. The yields 
were far too small to account for all the other products by hydrogen atom 
cracking of these compounds. 
ultraviolet lights off gave no detectable products in an hour. 
siderable experimentation remains to be done, the similarity of the products 
from the three bituminous coals suggest the following mechanism: 

Blank experiments using H2 but leaving the 
While con- 

Hg + hv -+ Hg* (3Pl) (1) 

Hg* + H2 -+ Hg + 2H (2) 

H + coal -t BTX + ? (3) 

H + BTX + C2, C 3 ,  C 4 ,  C5, C6 

hydrogenation products 

8A. Snelson, A.C.S. Div. Fuel Chem. Proc. Is, 101 (1973) 
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In o t h e r  words, t h e  s i m i l a r i t y  of t h e  product  d i s t r i b u t i o n s  from t h e  d i f f e r -  
en t  bituminous c o a l s  is proposed t o  be a r e s u l t  of t h e  s i m i l a r i t y  of second- 
ary H atom cracking  of t h e  product  precursors  from r e a c t i o n  (3)  under t h e  
i d e n t i c a l  r e a c t o r  c o n d i t i o n s ,  r a t h e r  than  an i n d i c a t i o n  t h a t  t h e s e  t h r e e  
coa ls ,  wi th  d i f f e r e n t  h i s t o r i e s  and d i f f e r e n t  p h y s i c a l  p r o p e r t i e s ,  have 
sur faces  t h a t  a r e  s i m i l a r .  A t  t h i s  p o i n t ,  the  only  l i k e n e s s  i n  sur face  
t h a t  can be i n f e r r e d  is t h e  a b i l i t y  of H atoms t o  l i b e r a t e  t h e  hydrogena- 
t i o n  precursors  from t h e  s u r f a c e  of I l l i n o i s  1 6 ,  P i t t s b u r g h  Hi -Seam,  and 
Utah-Emery bituminous c o a l s .  React ion (3)  must be similar i n  r a t e  and reac- 
t i o n  products  t o  account  f o r  t h e  s i m i l a r i t y  of F igures  2 ,  3 ,  and 4.  Kin- 
e t i c  in format ion  about r e a c t i o n  ( 4 )  is  appearing’-” and should a i d  i n  t h e  
i n t e r p r e t a t i o n  of f u t u r e  experiments  involv ing  more uniform concent ra t ions .  

F i n a l l y ,  t h e  f a i l u r e  of Wyoming-Wyodak c o a l  t o  r e a c t  under i d e n t i c a l  
condi t ions  must be a t t r i b u t e d  t o  a slowness of r e a c t i o n  ( 3 ) .  A g r e a t e r  
d i v e r s i t y  of  products  from a sub-bituminous c o a l  might have been expected 
s i n c e  its o r g a n i c  s t r u c t u r e s  had been subjec ted  t o  less s t r i n g e n t  coal- 
i f i c a t i o n  c o n d i t i o n s .  S ince  F i g u r e  5 looks remarkably similar t o  r e s u l t s  
from experiments e a r l y  i n  t h i s  program us ing  I l l i n o i s  16  c o a l  a t  ambient 
temperature ,  one might expect  a g r e a t l y  enhanced ESR spectrum such a s  was 
observed then. That i s ,  a r e s u l t  of H atom bombardment i s  t h e  product ion  
of n o n v o l a t i l e  f r e e  r a d i c a l s .  Fur ther  work i s  c l e a r l y  warranted.  

Nonetheless ,  i t  has  now been demonstrated t h a t  photo-produced H atoms 
do i n t e r a c t  wi th  t h e  s u r f a c e  of bituminous c o a l s  a t  200°C t o  y i e l d  C2 t o  Cg 
hydrocarbons. However, t h e  a u t h o r s  f e e l  t h a t  f u r t h e r  experiments ,  some 
a l t e r i n g  t h e  s teady  state H atom concent ra t ion  and adding suspec ted  pre-  
cursors ,  are requi red  t o  e l u c i d a t e  t h e  mechanisms. Also,  an a c c u r a t e  
method f o r  de te rmining  c o a l  p a r t i c l e  concent ra t ions  i n  t h e  photoreac tor  
needs t o  be found before  r e l i a b l e  ra te  d a t a  can be forthcoming. F i n a l l y ,  
o ther  sub-bituminous c o a l s  need t o  be examined t o  s e e  i f  t h e  Wyodak r e s u l t s ,  
reproduced s e v e r a l  times, are common t o  t h i s  rank  of  coa l .  Whether H atoms 
w i l l  prove a n  e f f e c t i v e  c o a l  s u r f a c e  probe remains t o  be proven. 
pre l iminary  r e s u l t s  are encouraging i n  some r e s p e c t s .  
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Enthalpy Measurements on a Syncrude from a Western Kentucky Coal 

A.J. Kidnay, R.R .  Fleckenstein, H .  Omid and V.F.  Yesavage 

Chemical and Petroleum-Refining Engineering Department 
Colorado School of Mines 
Go1 den, Colorado 80401 

ABSTRACT 

Enthalpy measurements over the range 65 to  700 F and 100 t o  1500 
psia were made on a coal-derived l iquid using a Freon 11 reference calori-  
meter. The coal l iquid was produced from a western Kentucky coal u s i n g  
the Char-Oi 1-Energy-Development ( C O E D )  process, and was analyzed by the 
Bartlesvil le Energy Research Center (BERC/RI-75/12, November, 1975) prior 
t o  the measurements. 

INTRODUCTION 

Thermodynamic property research is ju s t ly  recognized as invaluable 
by process and design engineers i n  the petroleum, chemical, and a l l i ed  
industries.  Calorimetric measurements of specif ic  heats or  enthalpies, 
pressure-densi ty-temperature measurements, and phase equi 1 i brium deter- 
mination, for  pure f lu ids  or  complex mixtures, are  a l l  essential  i n  the 
optimum design of both physical and chemical processing units.  

b u t  have thermodynamic properties t ha t  are  largely unknown and, presently, 
unpredictable. 
most important thermodynamic properties, the enthalpy, fo r  representative 
coal-derived l iquids over the pressure and temperature regions most l ikely 
to  be encountered i n  both liquefaction and processing systems. 

Coal-derived l iquids are  a new and vi ta l  c lass  of industrlal  compounds, 

The objective of t h i s  research i s  t o  measure one of the 

The research program i s  divided into three major areas: 

( 1 )  design, construction, and evaluation of a freon boil off 
calorimeter fo r  temperatures of 70 to  7OO0F and pressures 
t o  2000 psig, 

enthalpy measurements on samples of well-defined coal- 
derived l iquids ,  and 

preparation of engineering correlations fo r  the measured 
enthalpy data,  and comparison with representative data for  
petroleum and petroleum fractions.  

(2) 

( 3 )  

The work reported here i s  one par t  of item 2 ,  t ha t  i s  a complete s e t  
of enthalpy measurements on a whole (unfractionated) sample of l iquid 
derived from a western Kentucky coal by the COED process. 
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RESULTS AND DISCUSSION 

The liquid used in  this  work was analyzed by the ERDA Bart lesvi l le  
Energy Research Center, and the resul ts  of the i r  work are  available. 
( G .  P. Sturm, J r . ,  P. W .  Woodward, J .  W .  Vogh, S. A. Holmer, J .  E .  Dooley, 
"Analyzing Syncrude from Western Kentucky Coal ," 

BERC in i t s  characterization s tudies .  
with Whatman, quality number 1 ,  f i l t e r  paper before being charged t o  the 
system. 
isobars (100, 500, 1000, 1500 psia) with the calorimeter i n l e t  temperature 
varying over the range of 122-705OF. The data are presented in the 
accompanying table and figures. 

The out le t  temperature was corrected t o  the base of 65OF using the 
heat capacity a t  t h i s  temperature a8 found from the measured enthalpy vs. 
temperature curve ( C P  = 0.44 Btu/lb F ) .  This correction never amounted 
t o  more than 0.3 Btu/lbm. The out le t  pressure was corrected t o  a reference 
of 1 atm. using the Kesler-Lee correlations (Lee, B .  I .  and Kesler, M .  G . ,  
AICHE Journal, a, 510 (1975); Kesler, M .  G .  and Lee, 6. I . ,  Hydrocarbon 
Processing, 55, No. 3 ,  153, (1976)). The pressure corrections are shown 
in the table. 

BERC/RI-75/12). 

The sample was prepared by f i l t e r ing  
The samples used i n  the calorimetric are from the same l o t  used by 

The enthalpy of the sample was measured along four different 

From the figures i t  can be seen tha t  for  the Western Kentucky syncrude 
the enthalpy was n o t  a s ignif icant  function of pressure a t  high pressures 
(500 to 1500 psia) where the sample was essentially a liquid a t  a l l  tempera- 
tures. A t  the lowest pressure of 100 psia where s ignif icant  vaporization 
occurs a t  higher temperatures, the enthalpy i s  greater a t  lower pressures 
(100 psia versus 500 p s i a ) .  

During the enthalpy measurements, w h a t  appeared to  be thermal cracking 
was often observed a t  pressures above 500 psia and a t  i n l e t  temperatures 
above 60OoF. 
t o  be less  viscous and changed t o  a l ighter  color. The foaming was believed 
t o  be the resul t  of a large volume o f  gas produced by cracking of the sample. 
An obnoxious odor was a lso associated w i t h  the cracked sample. T h e  cracked- 
sample enthalpy measurements were higher t h a n  the values for  the uncracked 
material possibly due t o  vapor entrainment. One possible explanation for  
the cracking i s  a catalyt ic  e f fec t  due t o  the s ta inless  stee1,wall of the 
preheater bath coi l .  Several modifications were tr ied i n  order t o  correct 
the problem, including replacing the c o i l ,  and  more gradual preheating of 
the oi l  without much success. A major d i f f icu l ty  i s  the apparent randomness 
of occurance of the cracking. On some runs, the sample cracks and foaming 
i s  observed while on others i t  does n o t .  Several operations are  under 
consideration which could reduce or eliminate decomposition, including 
hydrogen sulfide flushing of the coil to  poison catalyt ic  surface s i t e s ,  
and  deaeration of the sample a f t e r  every run t o  prevent oxidation reactions. 
However, until some more def ini t ive conclusions can be drawn, our present 
operating policy a t  high temperatures i s  t o  complete runs until foaming 
and sample decomposition occurs. A t  such time, the system i s  drained and 
ref i l led with fresh sample. 

The cracked f luid foamed into the collection tube, appeared 
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Gas chromatograms o f  t h e  sample i n  t h e  system were taken p e r i o d i c a l l y .  
Chromatograms o f  t h e  uncracked m a t e r i a l  showed t h e  same c h a r a c t e r i s t i c  peaks; 
however, those o f  t h e  cracked sample showed smal l  composi t ional  changes i n  t h e  
low temperature b o i l i n g  range. 
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HOMOGENEOUS CATALYTIC HYDROGENATIONS 
OF COMPLEX CARBONACEOUS SUBSTRATES 

J. L. COX, W. A. WilcOx, G. L. Roberts 

BATTELLE 
Pacific Northwest Laboratories 
Richland, Washington 99352 

Hydrogenation of unsaturated organic compounds with homogeneous 
catalysts has been known and practiced for some time. Such hydrogena- 
tions have been of both an academic and commercial in: rest. 
the more extensively studied catalysts include Co (CN) 5’ (1) , RhCl 
(PIP313 (2), Ir(CO)Cl(PIP3)2 (3,4), IrH(C0) (PIP313 (3,4) I OsHC1(CO) (PQ3)3 
(3,4) and Ziegler-type catalysts (5). These catalysts, with the excep 
tion of the Ziegler-type, have not been observed to hydrogenate 
aromatics. Infact, very few homogeneous catalysts have been reported 
that will hydrogenate aromatics. Wender, e t  a l . ( 6 )  have shown that 
polynuclear aromatics are partially hydrogenated with Co2(C0)8. Efimov, 
e t  a l . ,  (7,ll) have observed rapid hydrogenation of polynuclear aroma- 
tics in the presence of a rhodium complex of N-phenylanthranilic acid 
(NPAA), formulated as (RhNPAA)2. This rhodium catalyst is more active 
than the dicobalt octacarbonyl and shows a greater hydrogenation 
activity toward polynuclear aromatics than the Ziegler catalyst. 
Holly e t  aZ.(15) investigated the use of this rhodium complex and other 
homogeneous catalysts for coal liquefaction, concluding that such 
catalysts do not appear to offer a viable route to coal liquefaction. 

Some of 

Here we report the results of homogeneous catalytic hydrogenation 
of complex unsaturated substrates including coal and coal-derived 
materials. 

HYDROGENATIONS 

Using organic soluble molecular complexes as catalysts, a number 
of hydrogenations of various organic substrates were performed. These 
include a Hvab coal, solvent refined coal (SRC) and COED pyrolysate. 
The analysis of these feed materials are contained in Table 1. The 
hydrogenations were carried out in a 300 cc stirred autoclave by mix- 
ing coal with carrier solvent containing solubilized catalyst under 
prescribed conditions. 
measured and anlyzed. The solid carbonaceous residue was separated 
from carrier solvent by filtration, then thorough‘ly washed with benzene 
and finally dried in a vacuum oven. 

Upon completion of the run the gases were 

TABLE I. Analysis of Feed Materials 

Hydrogenated 
Coal (a) Coal 

As Received Vacuum Dried SRC COED Run 25 
Moisture 1.1 
Ash 14.5 
H 4.8 
C 68.8 
0 6.0 
N 1.2 
S 4.6 

0.0 0.0 0.0 1.8 
14.7 0.3 0.1 27.0 
4.6 5 . 6  7.3 4.4 
68.3 87.7 85.0 55.0 

6.1 4.0 7.2 5.9 
1.2 2.2 1.1 0.2 
4.6 0.5 1.3 4.0 

(a) Both samples were -200 mesh. 

105 



All catalysts except the Ni-Ziegler are commercially available 
and were used as such without further purification. The Ni-Ziegler 
was prepared under a nitrogen atmosphere by reacting 4 moles of 
triethylaluminum with 1 mole nickel naphthenate in completely anhydrous 
n-heptane. The activity of this catalyst was first tested with benzene 
before proceeding to more complex substrates. Hence, 1 ml benzene 

Ni-Ziegler catalyst for 1 hour at l5OoC and 1000 psig H2 (ambient tem- 
perature). Even though the hydrogenation covered a 1-hour period the 
autoclave pressure rapidly dropped to 650 psig once 15OoC was reached, 
signaling rapid hydrogenation of the benzene. Liquid product analysis 
by gas chromatography revealed 99% conversion of the benzene to 
cyclohexane. 

materials are summarized in Table 11. The change in atomic hydrogen- 
carbon ratio ( A )  is the principal criterion for comparing catalyst 
activity and extent of hydrogenation. Since no attempt has been made 
to account for the lighter hydrocarbons that were removed with the 
carrier solvent by filtration the hydrogenation criterion is very con- 
servative. This value has been obtained by subtracting the experi- 
mentally determined atomic hydrogen-carbon ratio of carbonaceous 
substrate from that of the product. The carbon-hydrogen analysis was 
performed on a Perkin Elmer model 240 elemental analyzer. Since a 
small amount of unremoved solvent in the product can seriously effect 
the interpretation of results, extreme precaution was taken to ensure 
its complete removal. This was accomplished by washing with a volatile 
solvent followed by vacuum drying with a nitrogen bleed at llO°C for at 
least 24 hours. In order to check thoroughness of solvent removal a 
dried sample showing H/C of 1.10 was further dried and reanalyzed. 
There was essentially no change in the H/C (i.e., 1.10 versus 1.09). 

were hydrogenated in 40 ml n-heptane containing 4 x 10- s moles of the 

Hydrogenation conditions and results for coal and coal derived 

It is apparent from Table I1 that the Ni-Ziegler catalyst is more 
active than C02 (CO) 8, Ni[ (PhO) 3Pl2 (CO) 2 and Fe3 (CO) 12. In Run 25 a A 
of 0.148 for the Hvab coal was observed over a 2-hour reaction time at 
2OO0C and 2770 psig. This change in atomic H/C ratio from hydrogena- 
tion corresponds to a hydrogen usage of only 0.05% (w/w) of coal. Even 
in Run 36 where a A of 0.291 was effected at 2OOOC and 1300 psig H2 
after 22 hours only 1.7% (w/w) H2 is consumed in the hydrogenation. 
These hydrogenations may be compared to Run 31 where a slight decrease 
in A ,  -0.003, was observed in the hydrogenation of the Hvab coal with 
no catalyst for 2 hours at 3OO0C and 2880 psig. In contrast to these 
hydrogen consumptions about 2% H2 (w/w maf coal basis) is used in the 
SRC process, 2.5% in Synthoil and 4 %  for H-Coal. 

products from the SRC and COED coal liquefaction processes. 
analyses of these substrates are contained in Table I. 
tion of the hydrogenation results summarized in Table I1 it becomes 
apparent that the ease of hydrogenation under these homogeneous catal- 
ytic conditions is SRC > COED > Hvab, although some reservation must 
be made since the hydrogenations were not made under identical condi- 
tions. That the coal-derived substrates are more readily hydrogenated 
than the coal is not too surprising since they are liquids at reaction 
temperatures (,2OO0C) and quite soluble in carrier solvent permitting 
effective catalyst-substrate interaction. Diffusional resistances to 
hydrogenation are also expected to be less for these materials than 
the solid coal. 
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The 
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Product gas analysis on each experimental hydrogenation run reveal- 
ed predominantly reactant gases. In Runs 17, 18, 19, 20 and 21 the 
product gas consisted of ~ 9 8 %  H2 and CO, while Runs 25, 31, 36, 38 and 
4 0  showed at least as great a concentration of hydrogen. Except for 
Run 20, C02 and CHq contributed 50.2% to the gas balance. The gas 
composition of Run 20 was different from the others in that low but 
noticeable concentrations of light hydrocarbons including CH4, C2H6, 
and C3H8 were found. 
undoubtedly due to the higher temperature (4OOOC versus (3OOOC) employed, 
which was high enough to affect hydrogenolysis. The gas analysis of 
Runs 25, 36, 38 and 4 0  employing the Ni-Ziegler catalyst were unique in 
that appreciable concentrations (1 to 2%) of ethane were observed. The 
ethane is attributed to loss of ethyl groups from the Ni-Ziegler 
catalyst or decomposition of excess triethylaluminum which was used in 
its preparation. 

for the observed homogeneous catalytic hydrogenation of aromatics the 
following mechanism is consistant with the chemistry of analogous sys- 
tems. In this proposed mechanism L represents coordinated ligands and 
solvent and M is the transition metal. This proposed mechanism depicts 
that generally accepted for the hydrogenation of olefins (including 
cyclohexene) by a number of group VI11 metal complexes. 

The observed light hydrocarbons in this run are 

Even though there is no kinetic data to support a proposed mechanism 

LnM + H2 LnMH2 
7 

H A 
Ln-1MH2 ,- Ln-lMH 

We know for instance that moleculas hydrogen will undergo oxidative 
addition reactions with a number of transition metal complexes as shown 
in the first equation (12). The metal migrations during hydrogenation 
may occur through a v-allyl complex. Finally, intermediates similar 
to those postulated in this mechanism have been supported by chemical 
evidence and include the two following compounds (13): 

H H 

co 
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Even though the above mechanism has been written with benzene as the 
substrate it is relatively easy to write analogous mechanisms for yet 
more complex aromatic substrates. 

PRODUCT CHARACTERIZATIONS 

The products from the hydrogenation of the coal and coal derived 
materials were all solid glossy black materials at room temperature, 
except in Run 20 where the temperature reached 400OC and a black vis- 
cous liquid was obtained. The carbon and hydrogen analyses of these 
hydrogenation products are contained in Table 11. With respect to 
these complex carbonaceous substrates hydrogenation is often falsely 
taken to be synonymous with liquefaction. The polymeric structure of 
coal (8,9) implies that complete saturation with hydrogen would not 
alter its physical state. An appropriate analogy would be the hydrogen- 
ation of polystyrene to produce the solid saturated polymer 

(-6- CH2-) + 5/2nH2- (-6- CH2-) 

n 

Even though polyethylene has an H/C ratio of 2.0, it is also solid. 
Hence with respect to coal liquefaction, undoubtedly the hydrogenolysis 
reactions and not hydrogenation are responsible for converting the 
solid to a liquid by conventional processing schemes. The liquefaction 
that occurred in Run 20 was undoubtedly due to hydrogenolysis as a 
consequence of the high temperature (400OC) employed. Again using 
polystyrene for analogy, the hydrogenolysis may be represented by the 
following reaction in which the product ethyl benzene is clearly a 
liquid. 

I \ 

t6-CH2-) + nH2- 

n 

Coal hydrogenolysis has been contrasted with its hydrogenation by 
carrying out a material balance estimation on the Synthoil process as 
shown in Table 111. These results show that one net result of catalytic 
hydrogenolysis is a decrease in the product (char + crude oil) H/C ratio 
(0.765 versus 0.8831, despite the addition of 9000 scf H2 per ton of 
coal (maf). The decrease in the H/C ratio is a direct consequence of 
the hydrogenolysis reaction which breaks structural bonds in the solid 
substrate and adds hydrogen to the fragments. Hence, a large hydrogen 
cons,umption is seen in removing oxygen and sulfur from the coal as I320 
and HzS, respectively. Considerable hydrogen is also consumed by light 
hydrocarbon gases (C1 - Q) as a result of hydrogenolysis reactions. 
On the other hand, hydrogen consumed by hydrogenation goes directly to 
increase the substrate H/C ratio. This is why the H/C ratio is high 
for the amount of hydrogen consumed in the'homogeneous catalytic hydro- 
genations. Of course, from a practical viewpoint it is highly desirable, 
if not necessary, to at least remove the sulfur which is invariably 
accompanied by oxygen removal and light hydrocarbon gas production. 

the complex carbonaceous substrates is estimated to result in an H/C 
Complete hydrogenation of the unsaturated carbon-carbon bonds in 
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ratio of at least 1.5. The maximum value we have obtained is 1.32 for 
the COED pyrolysate. 
tion may be due to the catalyst's inability to activate the more complex 
aromatics. Also, a portion of the substrate's unsaturation is undoubt- 
edly very facile and a portion is very inert toward hydrogenation. As 
noted earlier, the Ni-Ziegler very rapidly hydrogenates mononuclear 
aromatics but is much more sluggish toward the polynuclear aromatics. 
For example, at 1000 psig Ha, phenol is 92% converted to cyclohexanol 
in 0.2 hours at 150OC in the presence of 5 mole % Ni-Ziegler catalyst, 
while only 12.5% naphthalene is converted to decalin in 18 hours at 
210OC in the presence of 2.5 mole % Ni-Ziegler (5). The more complex 
polynuclear aromatics, such as phenanthrene and pyrene that are con- 
tained in coal along with the heteropolynuclear aromatics such as 
indoles and dibenzothiphenes will undoubtedly be even more sluggish 
toward hydrogenation. 

The failure to obtain more extensive hydrogena- 

TABLE 111. Synthoil Material Balance 

Materials Charged 

Coal(a) (atomic H/C = 0.883) 
C 
H 
0 
S 
N 

Hydrogen(b) (H) 

Materials Out 
C1-C3 Hydrocarbons 

C 
H 

Heteroatoms 

H ~ S  (e) 
H20 (dl 

Product (fj (atomic H/C = 0.765) 

lb-moles 

1117.90 
104.20 
22.50 
3.00 
7.50 
50.04 

6.52 
21.53 

21.25 
2.5 

111.4 
85.3 
1.2 
0.5 
1.6 

2000 

50.5 
2050.5 

100 

467.8 

1482 

2049.8 

lb 

1416 
105 
360 
96 
105 

78.3 
21.7 

382.8 
85.0 

1338 
86 
20 
16 
22 

(a) maf basis. 
(b) 50.04  lb-moles H equivalent to 9000 scf H2. 
(c) Amount to 5 wt% of maf coal charged with estimated composition 

of 60% Cl, 30% C2 and 10% C3. 
(d) 340 lb 0 + 42.8 lb H. 
(e) 80 lb S + 5.04 lb H. 
(f) Crude oil + char. 
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Another possible cause of low hydrogenation levels is the inaccess- 
ibility of catalyst to substrate. This is anticipated to be more o f  a 
problem for coal than for coal-derived products, due to their differences 
in physical properties, particulary pore size distributions and solu- 
bility in carrier solvent. 
derived materials will undoubtedly enhance catalytic hydrogenation over 
the relatively insoluble coal in a carrier solvent. The coal itself 
having an extensive pore structure will undoubtedly contain a signifi- 
cant number of micropores that are too small for access of the catalyst 
(14). 

The moderate to high solubility of the coal- 

TO obtain information on the reactivity of the solid hydrogenated 
product, thermogravimetric analyses were run and compared to those of 
the unhydrogenated coal. The results are shown in Fugure 1 for hydro- 
genation products of Runs 25 and 36 as well as the parent coal. These 
differential thermograms were all recorded with a duPont model 900 
analyzer on 19-23 mg samples under a high-purity argon atmosphere at 
2OoC/min heating rate, from ambient to 800OC. Although the sample 
from Run 25 had an H/C of 0.148, greater than the parent coal, there 
1s no qualitative difference in their differential thermograms except 
for the small amount of moisture devolatilized from the parent coal at 
about 125OC. This type of thermogram is typical of many that have been 
reported for different ranks of coal (10). In sharp contrast, the 
sample from Run 36 which had an H/C increase of 0.291 over the parent 
coal reveals considerable structure in its differential thermogram. 
In addition to the major peak at about 475OC which was also observed 
for the coal and sample from Run 25, two additional peaks were observed 
at considerably lower temperatures--one at 36OoC and the other at 275OC. 
The volatile matter from this sample was 54% (ash-free basis) while that 
from Run 25 and the parent coal was 42% and 37% respectively (ash-free 
basis). 

It is not surprising that the sample from Run 36 showed more struc- 
ture in its thermogram and a larger amount of volatile matter production 
than the parent coal since it does have a significantly greater hydrogen 
content than the parent coal. What is somewhat surprising is that the 
sample from Run 25 acted very similar to the parent coal during 
thermolysis even though its H/C ratio lies between that of product from 
Run 36 and the parent coal. The hydrogenation in Run 36 is apparently 
extensive enough to saturate key unsaturated groups in coal leading to 
decreased thermal stability. It is generally recognized that cleavage 
of saturated groups is much more facile than unsaturated groups under 
thermolysis conditions. 

To project the yield of liquid product from the thermogravimetric 
analysis we have assumed that a linear relationship exists between the 
percent volatile matter and liquid yield. This implies that if a coal 
is 25% volatilized and yields 10% oil then 35% devolatilization of this 
coal after pretreatment such as hydrogenation will yield 0.35/0.25 x 
10% = 14% oil. Using this approximation one can readily estimate that 
prehydrogenation of the coal in Run 36 has increased yield of oil by 
4 6 %  over the unhydrogenated coal upon pyrolysis. In practical 
terms this means that prehydrogenation could be used to significantly 
increase the yield of liquids from coal by pyrolysis. For instance, 
the oil yield from the COED process (16) which uses multiple stage 
pyrolysis to produce gases, liquids and char would be increased from 
1.5 bbl/ton to about 2.2 bbl/ton. 
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HYDROGENOLY S IS 

A hydrogenolysis experiment was conducted with the Hvab coal and 
its hydrogenated product under indentical experimental conditions. 
The analysis of these -200 mesh feed materials was reported in Table 1. 
Hydrogenolysis was carried out in the previously described 300 cc 
magnedrive autoclave. In the hydrogenolysis of Hvab, 10.0 g were charged 
to the autoclave along with 30.0 g (32 ml) tetralin and 0.5 g -100 mesh 
Co-Mo catalyst (Harshaw HT-400 containing 3% cobalt oxide and 15% 
molybdenum dioxide on alumina). In the hydrogenolysis of the prehydro- 
genated coal from Run 25 the same quantity of carbonaceous feed and 
tetralin were charged, but no catalyst was added. After materials were 
charged, the autoclave was purged twice with high-purity hydrogen and 
then pressurized with hydrogen to 1500 psig. Experimental hydrogenolysis 
conditions were 0.5 hour at 400OC, 2700 psig (1500 psig H2 ambient) 
and 300 rpm. The autoclave was brought up to reaction temperature and 
cooled after the designated reaction time as rapidly as possible. It 
required about 3n minutes to reach 400OC from ambient and 10 minutes 
to cool from 4OOOC to 6OOC. However, the time required to heat from 
2OO0C to 400°C and cool from 4OO0C to 2OO0C was only about 2 minutes; 
i.e., the time spent at temperatures sufficiently high to potentially 
contribute to hydrogenolysis was significantly shorter than the over- 
all heat-up and cool-down time. 

Once the run was completed and the temperature had cooled to 
ambient the experiment was worked up according to the diagram in Figure 
2. The gas volume was measured with a wet test meter and its composi- 
tion determined by gas chromatography. The liquid and solid products 
were emptied into a tared extraction thimble whence the filtrate from 
the thimble was collected and saved. The autoclave was rinsed with 
benzene into the same extraction thimble. The solids were then ex- 
tracted with the rinse benzene for 8 hours in a soxhlet apparatus 
whence the extraction thimble was vacuum dried and weighed. The bene- 
zene solution from the extraction was combined with the previously 
saved tetralin-laden filtrate. To this solution was added a three-fold 
excess of pentane, to precipitate asphaltenes which were then separated 
by filtration and vacuum dried. This filtrate was then vacuum distilled 
( ~ 2 5  nun Hg, 4O-8O0C) to remove the pentane and benezene from the 
tetralin soluble product (light oil). The yields of the various frac- 
tions obtained by following this procedure are all summarized on a maf 
charge basis in TableIVfor the Hvab coal and the prehydrogenated coal. 

The tabulated results (TableIV) for the hydrogenolysis of the coal 
and hydrogenated coal clearly indicate a significant difference in their 
product yields. The yield of gas and light oil was greater for the 
hydrogenated than the nonhydrogenated coal (38% and 49.0% versus 31% 
and 48.6%). Perhaps even more significant is the lower asphaltene 
yield observed for the hydrogenated sample (3.0% versus 10.3%). The 
overall conversion was essentially the same for both samples (90 versus 
89%) and there was little difference in their product gas compositions. 

In examining the differences between these two hydrogenolysis 
experiments one is reminded that while a Co-Mo catalyst was used with 
the coal, there was no addition of catalyst to the hydrogenated coal. 
However, the hydrogenated coal did contain nickel that was apparently 
deposited on the coal from the Ni-Ziegler catalyst.during the homogen- 
eous catalytic hydrogenation. This nickel undoubtedly participated as 
a catalyst in the hydrogenolysis of the sample. So in essence, we are 
comparing the hydrogenolysis of this hydrogenated sample containing 
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nickel with the Hvab coal to which was added a conventional Co-Mo 
catalyst. An analysis* of the nickel content in the hydrogenated coal 
revealed 1.2% Ni which can be compared to 5% Co-Mo catalyst in the Hvab 
coal. Since the nickel catalyst was apparently decomposed on the 
hydrogenated coal sample it almost certainly had better catalyst- 
substrate contacting than the Co-Mo which was mixed with the Hvab coal. 
This in itself could account for the higher hydrogenolysis yields of 
gas and light o i l  and lower asphaltenes than with the Co-Mo catalyst. 
In addition, nickel catalysts generally show higher gas yields under 

TABLE IV. Hydrogenolysis Experimental Results 

Hydrogenated Coal 
Hvab Coal Run 25 

Reaction Conditions 
feed, g 10.0 10.0 
tetralin, g 30.0 30.0 
catalyst, g 0.5 none 
temperature, OC 400 400 
pressure, psig 2660 2 7 7 0  
time, hr 1/2 1/2 

Conversion, % 90.0 88.9 

Product Yields, % 
gas 
oil 
light oil 
asphaltenes 

char 
Gas Composition, mole % 

H2 
co2 
C2H4 
C2H6 
02 
N2 
CH4 co 
C3H8 
‘qH1O 

30.8 
58.8 
48.6 
10.2 
10.3 

91.2 
0.5 

trace 
2.4 

trace 
0.5 
4.1 
0.1 
1.3 
0.2 

38.0 
52.1 
49.0 
3.0 
9.9 

87.7 
0.4 

trace 
2.6 
0.3 
2.5 
3.9 
0.2 
2 . 3. 
0.1 

hydrogenolysis than supported Co-Mo catalysts. Finally, the hydrogen- 
ated sample is expected to produce higher yields of gases and light 
oils and lower asphaltenes under hydrogenolysis simply because it has 
been hydrogenated. 

* The analysis of the hydrogenated sample was performed by first ashing 
the sample at 85OoC in a muffle furnace. This revealed 27.0% ash. 
The ash was then digested in hot aqua regia solution and filtered. 
The filtrate was then diluted with water and analyzed for nickel by 
atomic adsorption spectroscopy to give 1.2% Ni in the hydrogenated 
sample. 
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In an attempt to better define the nature of the liquid product 
from the hydrogenolysis of these two samples their light oil fractions 
were subjected to gas chromatographic-mass spectral analysis. The 
more prominent components of the tetralin soluble fraction (light oil) 
from hydrogenolysis of the two samples were analyzed on a Hewlett- 
Packard (HP) 5980A quadruple mass spectrometer with a HP 5710A GC and 
HP 593419 data system. Chromatography was performed on a 6-foot SP 
2250 column temperature programmed from 80 to 25OOC at E°C/min using 
He carrier at 40 ml/min. Mass spectrometry was conducted with electron 
impact at 60 electron volts. Additional chromatography of the light 
oil from each sample was performed on an HP 5830A GC equipped with an 
HP 18850A terminal at the previously described run conditions. 

A typical chromatogram of these samples is shown in Figure 3 along 
with retention times while Table V contains the mass spectral identi- 
fication of the more prominent components of both samples. Upon 
comparing the chromatograph data their similarity is particularly 
striking. When the solvent (tetralin) is subtracted from both samples 
as has been done in tabulating the area percent in Table VI we quickly 
realize that only a few of the more than 22 integrated peaks account 

TABLE V. G. C. Mass Spectral Analysis of Light Oil 

G. C. Rentention Time, Area % 

Hvab Coal H2-Hvab Coal 

0.59 , 
0.93 , 
1.19 , 
1.60 , 
2.15 , 
2.99 , 
4.41 , 
5.73 , 
7.44 , 
8.38 , 
12.32 , 
13.15 , 
14.07 , 
14.65 , 
15.30 , 
16.13 , 
17.38 , 
17.87 , 
18.51 , 
19.54 , 
20.34 , 
20.90 , 
21.86 , 
22.87 , 
24.25 , 
25.15 , 
26.12 , 
28.00 , 

--- 

18.59 
0.44 
0.15 
0.67 
0.35 
0.46 
2.06 
8.10 
20.47 
0.93 
40.54 
0.80 
0.50 
0.82 
0.65 
0.42 
1.17 
0.32 
0.68 

0.31 
0.04 
0.04 
0.05 
0.29 
0.12 
0.66 
0.00 
0.18 

--- 

0.58 
0.93 
1.19 
1.59 
2.17 
2.97 
4.39 
5.78 
7.51 
8.41 
12.35 
13.17 
14.12 
14.67 
15.33 
16.17 
17.18 
17.88 
18.53 
18.95 
19.47 
20.40 
20.93 
21.87 
22.89 
24.28 
25.20 
26.19 
28.07 

I 

, 
, 
I 

I 

I 

, 
I 

I 

, 
, 
I 

, 
I 

, 
I 

I 

, 
, 

16.02 
0.52 
0.20 
1.32 
0.52 
0.68 
2.03 
10.37 
22.74 
1.04 
40.61 
0.49 
0.14 
0.60 
0.29 
0.05 
0.54 
0.08 
0.10 
0.03 
0.10 
0.12 
0.12 
0.07 
0.28 
0.27 
0.52 
0.02 
0.12 
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Mass Spec Assignments 

benzene 
toluene 

xylene 
xylene 

C3-benzene 
decalin 

Cq-benzene 
1-me thy1 indane 

naphthalene 
Methyl-tetrahydronaphthalene 

methyl-naphthalene 

C2-tetralin 

Methyl-biphenyl 



for the majority of the sample. In fact, there are only five compounds, 
all with two or greater area percent, that account for greater than 90 
area percent of the entire sample. These compounds are common to each 
sample and include the following in descending order of abundance: 
naphthalene ( a ) >methyl indan (e CH ) >benzene ( 0 ) , C4- 
benzene (c-C4H9) >decalin (03 1 .  
three account for a least 80% of the light oil in each sample. The 
broadness of many of the chromatogram peaks, particularly those at the 
longer retention time, is a good indication that they consist of more 
than one component. Hence, the number of chemical compounds actually 
in the light oil sample is probably at least twice the number of 
integrated GC peaks. 

Of tiese five compounds the first 

UTILITY 

Even though homogeneous catalytic hydrogenation has had consider- 
able practical utility in the hydrogenation of specialized chemicals 
such as certain fats, oils and pharmaceuticals, its economic and 
technical utility in processing carbonaceous feedstocks such as coal, 
oil or their derived intermediates is very uncertain. 
that prehydrogenation of coal can significantly increase the amount of 
liquids obtained by pyrolysis compared to the unhydrogenated coal. It 
has also been shown that the hydrogenolysis o f  prehydroyenated coal 
produces less asphaltenes and more light oil and gas than the catalytic 
hydrogenolysis of the parent coal. Finally it was shown that homogen- 
eous catalytic hydrogenation can effectively increase the atomic 
hydrogen to carbon ratio of the carbonaceous materials including coal 
and materials derived from coal by pyrolysis and solvent refining. 

We have seen 

Although the amount of experimental data generated here in support 
of homogeneous catalytic hydrogenation is infinitesimal in regard to 
that needed for a sound technical judgment concerning its utility in 
the area of fuels processing, there is a clear indication that the 
approach has merit. The extrapolation of the experimental data indicates 
that homogeneous catalytic hydrogenation has considerable potential as 
a preliminary processing step for carbonaceous materials such as coal, 
and possibly oil shale and tar sands for increasing the atomic H/C 
ratio over conventional methods. The derived benefit from such a unit 
operation aside from the addition of hydrogen to these hydrogen-deficient 
materials is to increase the yield and quality of the products over 
what is now obtainable by conventional processing techniques at such 
mild conditions. Yet another potential application of homogeneous 
catalytic hydrogenation is as an intermediate step in fuel processing 
or conversion schemes in which the H/C ratio is increased to produce 
a superior quality product. Finally, potential applications of 
homogeneous catalytic hydrogenation are foreseen in the area of basic 
research studies where it is used as an anlytical tool or technique 
for investigating complex carbonaceous substrates. 

Much of the impetus behind contemplating the use of homogeneous 
catalysts lies in the prospects of reducing temperature and pressure 
required for conversion, increasing reaction specificity and obtaining 
the most efficient use possible of the active metal component. In some 
instances of homogeneous catalytic hydrogenation, all these prospects 
have been realized. I think that it is reasonable to expect that 
homogeneous catalysts will eventually be developed that are capable 
and effective in hydrogenolysis reactions of carbon-carbon bonds. 
This indeed would be an extremely significant break-through with 
respect to coal liquefaction. 
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The major technical drawback to the use of homogeneous as well as 
heterogeneous catalysts is connected to their recovery from processing 
streams and poisoning. Since catalysts are extremely expensive, pro- 
cessing materials as a result of their manufacturing costs and cost of 
their component constituents only small losses can be economically 
tolerated. In homogeneous catalytic hydrogenation Run 25 where 7 
mole  of Ni-Ziegler catalyst was employed per 15 g coal, the cost of 
nickel alone at zero recovery (i-e., 5 4 . 8  lb/ton coal) would amount to 
about $llO/ton coal hydrogenated. If the cost of the triethylaluminum’ 
and the carboxylate of nickel are taken into consideration the cost of 
catalyst materials alone is estimated to exceed $150/ton coal hydro- 
genated. Clearly, in order to contemplate such a use of these catalysts, 
they must either be recovered or used in a much reduced concentration 
or preferably both. Even though no attempts were made at catalyst 
recovery or use of reduced amounts in this study it was found that the 
hydrogenated coal in Run 25 contained 1.2% Ni. This figures to be 31% 
of the nickel used in the homogeneous catalytic hydrogenation. The 
remaining 69% of the nickel catalyst apparently remained in the carrier 
solvent, which in practice would be recycled. Obviously, even higher 
catalyst recovery is necessary to promulgate its economic viability. 

I 
I 
I 
I 
I 
I 
I 

That catalysts can be used effectively and economically in bulk 
chemical processes is amply demonstrated in the hydrocarbon processing 
industries. 
heterogeneous, homogeneous catalysts have found a home in at least t w o  
notable areas. One is the use of Ziegler catalysts in coordination 
polymerization and the other is in the hydroformylation process. These 
two examples show that the technical and economic problems so often 
associated with the use of homogeneous catalysts in industrial processes 
can be overcome. 

Although these catalysts have been for the most part 
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The Se lec t iv i ty  o f  Coal Minerals a s  Catalysts 
i n  Coal Liquefaction and Hydrodesulfurization 

J .  M. Lee, A. R. Tar rer ,  J.. A. G u i n  and J .  W .  Prather 
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Auburn, Alabama 36830 

Introduction 

Certain coal minerals a r e  well-known t o  catalyze l iquefaction and hydrode- 
sulfurization in coal conversion processes (1,2,3,4).  I t  i s  generally understood 
i n  connection w i t h  1 iquefaction processes t h a t  heating coal t o  temperatures in 
the range of 350°C and higher produces f r e e  rad ica ls  by thermal bond rupture. 
These f r ee  rad ica ls  are then s t ab i l i zed  by abs t rac t ing  a small e n t i t y  such as  a 
hydrogen atom from some source. 
w i t h  the ca t a lys t  (coal minerals o r  o ther  added c a t a l y s t s ) ,  hydrogen on the  hydro- 
aromatic portion of a hydrogen donor solvent o r  perhaps hydrogen on the  hydroaroma- 
t i c  portion of coal (5,6,7).  
coal -solvent s lur ry  systems have been done w i t h  various comnercial ca t a lys t s  (8,9, 
10).  Instead of voluminous work w i t h  good hydrogenation and hydrodesulfurization 
ca ta lys t s ,  l i t t l e  a t t en t ion  has been paid t o  coal mineral ca t a lys i s .  Coal mineral 
ca ta lys i s  m i g h t  be important i n  t h e  Solvent Refined Coal (SRC) process, i n  which 
so l id  boi le r  fuel i s  produced through mild o r  l i t t l e  hydrogenation of coal - pro- 
bably mainly through d isso lu t ion  of coa l .  

To be t te r  understand theimportanceof coal mineral ca t a lys i s  in the SRC pro- 
cess ,  t h i s  work presents comparative r e s u l t s  of t h e  r a t e s  of hydrogenation and 
hydrodesulfurization of coa l /o i l  s l u r r i e s  under d i f f e ren t  reaction conditions and 
i n  the presence of d i f f e ren t  coal minerals. The se l ec t iv i ty  of coal minerals such 
as  reduced iron and SRC residue (Wilsonville SRC p i l o t  p lan t )  f o r  hydrodesulfuri- 
zation as opposed t o  hydrogenation has been determined based on product d i s t r ibu -  
t i on  ( o i l ,  asphaltene and preasphaltene),  su l fu r  content o f  each product and ana- 
lyses of l iquid products. 
affected by ca t a ly t i c  a c t i v i t y  of coal minerals have a l so  been examined. 

The source may be hydrogen chemically interacted 

Some s tudies  of c a t a l y t i c  hydrodesulfurization of 

The r a t e  l imi t ing  s t eps ,  o r  the reaction s t ep  most 

Experimental 

Equipment 
All autoclave s tudies  were performed in  a commercial 300 cc magnedrive auto- 

clave (Autoclave Engineers). 
furnace, cooling co i l ,  gas i n l e t  and sampling l i nes .  
studied in a small tubing-bomb reactor (%'I O.D. s t a in l e s s  s t ee l  tube w i t h  0.035" 
wall thickness).  
lock caps on b o t h  ends. Hydrogen gas was introduced in to  a smaller tubing-bomb 
reactor (about 13  m l ) ,  sealed w i t h  Swagelock cap on one end ,  through 1/16" tube 
which was connected t o  the  pressure ind ica tor  to  read pressure change during reac- 
t ion .  Varian gaschromatographs (Model 1800) were used f o r  analysis of o i l  fraction. 
A Leco su l fur  determinator (Model 532) was used f o r  ana lys i s  of su l fu r  i n  each product. 

The autoclave was equipped with a s t i r r e r ,  thermowell, 
Coal-tetralin systems were 

Under a i r  atmosphere about 16 ml reac tors  were used w i t h  Swage- 

Materials 
Creosote o i l  (Allied Chemical Company) and l i g h t  recycle o i l  ( L R O )  used in th i s  

study were obtained from Southern Services, Inc. The creosote o i l  has a carbon-to 
hydrogen r a t i o  of 1.25 (90.72% C and 6.05% H) ,  a spec i f i c  gravity of 1.10 a t  25OC, 
and a boiling point range of 175 t o  35OoC. The creosote o i l  cons is t s  of 96.1% o i l ,  
3.5% asphaltene, 0.2% preasphaltene and 0.3% pyridine insolubles.  
o i l  (LRO) contains mainly o i l  (99.4%) and a l i t t l e  asphaltene (0.6%). 

The l i g h t  recycle 
The values 4 
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were obtained following the solvent extraction scheme, which  will be described i n  
the experimental procedure section. 
o i l  and 0.26% i n  the l i g h t  recycle o i l  ( L R O ) .  

used i n  a l l  experiments (67.8% C ,  4.9% H ,  2.69% S and 12% mineral mat te r ) .  
coal samples were dried overnight a t  lOOOC and 25 inches Hg vacuum before use. 

and studied as ca t a lys t s  f o r  the reactions of hydrogenation and hydrodesulfurization. 
Co-Mo-A1 i s  a comnercial ca t a lys t  from Laporte Indus t r ies ,  Inc. (Comox 451). Iron 
i s  a reagent grade hydrogen reduced iron from Mallinckrodt, Inc. 
obtained from f i l t e r  cake from Wilsonville SRC p i l o t  plant (2.48% S) .  All ca ta lys t s  
were screened t o  -325 mesh before use. Presulfided Co-Mo-A1 was prepared by 
co l lec t ion  of so l id  residue a f t e r  reaction of creosote o i l  with Co-Mo-A1 i n  the autoclave 
reac tor .  Sulfur content i s  about 2.76%. 

The following chemicals were used: benzene (Mallinckrodt, nanograde o r  Fisher Cey- 
t i f i e d  A.C.S.), pentane (Mallinckrodt, nanograde), hexane (Fisher Cer t i f i ed ) ,  pyri-  
dine (Fisher Certif ied A.C.S.) and t e t r a l i n  (J.T. Baker, practical  grade). 

Procedures 
A 2:l solvent-to-coal weight r a t i o  (40 grams o f  coal,  80 grams of solvent-LRO 

or creosote o i l )  was charged t o  the  autoclave. In some cases,  a 3:l solvent-to-coal 
weight r a t i o  was used. The  reaction conditions used f o r  most of runs were 41OoC, a 
stirrer se t t ing  of 1000 rpm, and an i n i t i a l  hydrogen o r  nitrogen pressure of 2000 
ps ig .  A heat-up r a t e  of about 12 t o  20OC per minute was used, t h u s  requiring a 
to ta l  heat-up time of about 30-35 minutes. After two hours of reaction, the auto- 
clave contents were quenched to  below l O O O C  within 15 minutes. Then a l l  reaction 
products were collected i n  a container and conlecl down to  room temperature. Imne- 
d i a t e ly ,  the products were subjected toana lys is  following the solvent extraction 
scheme. Each separated product was collected fo r  su l fu r  analysis.  

small tubing-bomb reactor (2.4 grams o f  coal and 4.8 grams of t e t r a l i n  u n d e r  hydro en 
atmosphere). The reaction experimental procedures were s imi la r  t o  Neavel ' s  (77. 
The ver t ica l  s t i r r i n g  r a t e  was i n  the  range o f  100-500 times a minute. Immediately 
a f t e r  reaction fo r  30 minutes i n  a f lu id ized  sandbath and cooling down, a l l  reaction 
products were collected by cleaning w i t h  benzene f i r s t  and then with pyridine,  t h e n  
analyzed following the  solvent extraction scheme. 
su l fur  analysis.  The o i l  f r ac t ion  was analyzed by gas chromatograph t o  see t e t r a l i n  
consumption during reaction. 

About 9 grams of reaction products from the  autoclave reactor or a l l  products 
from the small tubing-bomb reac tor  were separated following a conventional solvent 
extraction scheme w i t h  pentane or hexane, benzene and pyridine, as shown in Figure 
1. The actual weight of o i l  f rac t ion  was s l igh t ly  higher than the difference between 
the original sample amount and the  sum of asphaltene and benzene insolubles,  indi-  
cating some solvent (benzene, hexane o r  pentane) remaining a f t e r  rotaevaporation u p  
t o  about 80-85OC under vacuum. To resolve t h i s ,  the t rue  value f o r  o i l  or preasphal- 
tene fraction was chosen as follows: 

The su l fur  content is 0.64% i n  the creosote 

Kentucky No. 9/14 mixture (-150+325 mesh, a high vo la t i l e  bituminous coa l )  was 

Co-Mo-A1 and representative coal minerals ( i ron  and SRC residue) were obtained 

All 

SRC residue was 

Hydrogen and nitrogen gas cylinders (6000 psi grade) were supplied by Linde. 

Usually 3 grams of coal and 6 grams of solvent ( t e t r a l i n )  were charged to  the 

Each product was collected f o r  

o i l  = sample - asphaltene - benzene insolubles 
preasphaltene = benzene insolubles - pyridine insolubles 

Good reproducibil i ty was obtained w i t h  51% deviation, based on percentage of each 
separated product (+3% deviation, based on dmmf coa l ) .  

Results and Discussion 

Liquefaction 

a s p h a l t e n m i l  route,  by breaking C-0, C-S, C-C and possibly C - N  bonds and s tab i l iz ing  
coal-derived f r e e  rad ica ls  by hydrogen t ransfer  from hydrogen chemically interacted 
with the ca t a lys t  (coal minerals o r  o ther  added c a t a l y s t ) ,  hydrogen on the hydroaromatic 
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portion of a hydrogen donor solvent o r  perhaps hydrogen on the hydroaromatic portion 
of coal (5 ,  6, 7 ,  10, 11).  The major ro l e  of ca t a lys t  i n  l iquefaction appeared t o  
be the replenishment of the hydrogen donor solvent i n  order t o  maintain the proper 
level of hydroaromatics (1 ,  12).  The hydrogen atmosphere, the hydrogen donor a b i l i t y  I 
of the  solvent and the  hydrogenation a c t i v i t y  o f  the  ca t a lys t  seem t o  be most impor- 
t a n t  variables among others i n  l iquefaction process. 

A s e r i e s  o f  experiments using the  autoclave reac tor  was performed to  evaluate the  
sens i t i v i ty  of the  r a t e s  of hydrogenation and hydrodesulfurization and t o  a lesser  
degree, 1 iquefaction of a coal/oil  s l u r r y  t o  var ia t ions  i n  atmospheric composition 
(H2 o r  Nz), type o f  solvent ( l i  h t  recycle o i l ,  LRO, o r  creosote o i l ) ,  and presence 
of d i f f e ren t  ca t a lys t s  (Table I s .  The s e l ec t iv i ty  of d i f f e ren t  ca t a lys t s  in terms 
of overall e f f ec t  on product d i s t r ibu t ion  (gas ,  o i l ,  asphaltene, preasphaltene, and 
pyridine insolubles) was a l so  examined. 
t o  ex is t  as  o i l  a f t e r  reaction. Creosote o i l  contains, however, about 3.5% by weight 
of asphaltene, a f fec t ing  s igni f icant ly  the o i l  and asphaltene portions i n  runs B 
and D. In runs A ,  B ,  C ,  and D, as  t o  be expected, both l iquefaction (based on 
pyridine soluble degree) and hydrogenation (based on benzene soluble degree) occurred 
t o  a larger extent i n  a hydrogen atmosphere than i n  an i n e r t  nitrogen atmosphere -- 
the pyridine solubles yield being 35% higher and the  benzene solubles y i e ld ,  25% 
higher -- i r respec t ive  of the type of solvent used, LRO o r  creosote o i l .  

Hydrogen donor species l i ke  t e t r a l i n  and hydrophenanthrene a r e  present in sig- 
nificant amounts i n  LRO; whereas only t race  amounts of these species a re  present in 
creosote o i l .  As a r e s u l t ,  LRO i s  considered t o  be a much be t te r  SRC solvent than 
creosote o i l ,  which is used a s  an SRC s t a r tup  and makeup solvent. Extent of lique- 
faction and hydrogenation a r e  strongly dependent on solvent cha rac t e r i s t i c s ,  or 
type. For example, the  pyridine soluble y ie ld  was increased by 27% and the  benzene 
soluble y i e ld  was increased by 21% -- i r respec t ive  of the atmosphere, H2 o r  N2 -- 
when LRO was used instead of creosote o i l .  

The r e su l t s  of runs A and E c l ea r ly  demonstrate the pronounced e f f e c t  of the 
presence of presulfided Co-Mo-A1 -- a well known hydrogenation ca t a lys t  -- on product uJ 
dis t r ibu t ion:  
the absence of the  ca t a lys t s ;  the preasphaltene f r ac t ion  i s  decreased by about 71%; 
and the pyridine insoluble f rac t ion  i s  decreased from 12.5% t o  prac t ica l ly  zero 
percent, with the  asphaltene f rac t ion  remaining e s sen t i a l ly  the  same. The presence 
of Fe ( r u n  F)  and SRC residue ( r u n  G )  had, on the  other hand, a much l e s s  pronounced 
e f f ec t  on product d i s t r ibu t ion .  
dine insoluble f rac t ion  decreased t o  prac t ica l ly  zero; and the o i l  f rac t ion  increased 
by about 27%, w i t h  t he  asphaltene and preasphaltene f rac t ions  remaining essent ia l ly  
the same. W i t h i n  the l imi t s  of experimental e r ro r ,  in the presence of SRC residue 
product d i s t r ibu t ion  remained prac t ica l ly  the same. 
t o  be more e f f ec t ive  than SRC residue i n  accelerating o i l  and pyridine soluble y ie lds ,  
w i t h  b o t h  being much l e s s  e f f ec t ive  than presulfided Co-Mo-Al. 

In Table I1 hydrogen consumption during reaction was compared, based on H f / H o  
value ( the  r a t i o  of f ina l  hydrogen pa r t i a l  pressure t o  t h a t  i n  the i n i t i a l  charge 
a t  reaction temperature). The j u s t i f i c a t i o n  fo r  u s i n g  this value t o  gauge hydrogen 
consumption was presented in  an e a r l i e r  work (13) i n  which the k ine t ics  of hydrogena- 
t i on  were described i n  d e t a i l .  The presence of SRC residue and coal ash had s igni f i -  
cant e f f ec t s  on hydrogen consumption, being next t o  tha t  of presulfided Co-Mo-A1 and 
s ign i f i can t ly  higher than t h a t  of Fe. I n  f a c t ,  the presence of Fe had l i t t l e ,  or 
no e f fec t  on hydrogen consumption ( H f / H o )  a s  compared t o  t h a t  occurring during non- 
ca t a ly t i c  reaction. Apparently, based on the gas analyses and i n  l i g h t  of the above 
resu l t s  with regard t o  product d i s t r ibu t ion  (Table I ) ,  the higher hydrogen consumption 
t h a t  resulted i n  the presence of SRC residue a r e  due par t ly  t o  higher y ie lds  of 
gaseous products (HzS, CH4, C02. C2-C5, e t c . ) .  The r e su l t s  from previously reported 
( 1 )  ca t a lys t  screening s tudies  (Table IV) a l s o  support the hydrogen consumption data 
in  Table 11. In addition, the r e s u l t s  of e a r l i e r  HPLC analyses of creosote o i l  
a f t e r  hydrogenation i n  the presence o f  d i f f e ren t  ca t a lys t s  (Table V)(14) indicated 
t h a t  the degree of hydrogenation was grea te r  i n  the  presence of SRC residue and coal 

Creosote o i l  and LRO were simply assumed 

I 

the  o i l  f r ac t ion  i s  increased by about 76% over t h a t  resu l t ing  i n  

Most in te res t ing ly ,  i n  the  presence of Fe the pyri- 

Based on these results, Fe appears 

I 



ash than in the  presence of Fe (py r i t e ) .  
napthalene i n  the gas chromatographic analyses of the l iqu id  products (Table 11) 
indicated a similar trend t o  t h a t  observed i n  the  HPLC analyses (Table IV) and the  
Hf/Ho values (Table 11), t h a t  i s ,  t h a t  hydrogenation reactions a re  accelerated s igni -  
f i can t ly  more by SRC residue and coal ash than by Fe. In conclusion then, desp i te  
the more s igni f icant  e f f ec t  of Fe than tha t  of SRC res idue  on overall product dis-  
t r i b u t i o n ,  as  was discussed e a r l i e r ,  the presence of Fe during reaction has l i t t l e  
e f f e c t  on hydrogen consumption; whereas t h a t  of SRC residue causes a s ign i f i can t  
increase in hydrogen consumption. Also, apparently based on the  r e s u l t s  given i n  
Table 111, solvent-to-coal r a t i o  has l i t t l e  e f f e c t  on hydrogen consumption. 

were reacted i n  the presence of d i f f e ren t  concentrations of Fe ca t a lys t .  Samples 
used t o  perform gas analyses and f o r  determining the su l fu r  content of the l iqu id  
f rac t ion  ( t h a t  f rac t ion  which passed through Whatman #51 f i l t e r  paper) were collected 
immediately upon completion of the specified reaction period ( 2  hrs ) .  In agreement 
w i t h  the  findings of the other s tud ies  discussed e a r l i e r ,  the presence of Fe ca ta -  
l y s t  did not have an appreciable e f f ec t  on gas make (CH4, C02, and c2-C5) or Hf/Ho 
values. Also, as  was observed e a r l i e r ,  Fe served t o  completely scrub out any H2S 
produced. 

Table VI1 shows the r e su l t s  of a s e t  of experiments i n  which a small tubing- 
bomb reactor was used. 
per minute was used, w i t h  an a i r  atmosphere the presence of Fe ca t a lys t  did not 
a f f e c t  the product d i s t r ibu t ion .  More importantly, even w i t h  a hydrogen atmosphere 
and in the presence of Co-Mo-A1 ca t a lys t ,  the  product d i s t r ibu t ion  was not d ra s t i ca l ly  
d i f f e ren t  from tha t  obtained rith an a i r  atmosphere and in  the absence of the ca ta lys t .  
This in sens i t i v i ty  apparently i s  due t o  the poor mass t r ans fe r  obtained a t  t h i s  
low agi ta t ion  r a t e ;  f o r  w i t h  an ag i t a t ion  r a t e  of above 1000 cycles per minute, the 
product d i s t r ibu t ion  changed s igni f icant ly ,  with subs tan t ia l ly  more hydrogenation 
occurring. Further reaction s tudies  using the tubing-bomb reactor a re  cur ren t ly  i n  
progress. 

The peak height r a t i o  of t e t r a l i n  t o  

Table VI shows the  r e s u l t s  from a se r i e s  of runs in  which 2:l coa l /o i l  slurries 

When a ver t ica l  ag i t a t ion  r a t e  i n  the range of 100-500 cycles 

Hydrodesu 1 f u r  i za t i on 

s lu r ry  was the same i n  a N2 atmosphere a s  t h a t  in a H2 atmosphere when no ca t a lys t  
was present during reaction. 
(13) showed t h a t  the r a t e  of HDS i s  indeed insens i t ive  t o  not only hydrogen par t ia l  
pressure b u t  a l so  the  concentration of hydrogen donor species in the  solvent.  
as  shown i n  b o t h  Table I and VIII, i n  the' presence of Co-Mo-A1 ca t a lys t  the r a t e  of 
HDS was s igni f icant ly  higher i n  the  presence of a H2 atmosphere than t h a t  i n  a N2 
atmosphere. I n  f a c t ,  f o r  a 3:l coal/oil  s lu r ry  the su l fu r  content of the l iqu id  
reaction products was lower even under a N2 atmosphere when Co-Mo-A1 ca t a lys t  was 
present during reaction. For a 2:l coa l /o i l  s lu r ry ,  i n  the other hand, no detectable 
lowering i n  the  su l fu r  content of the l iqu id  products due t o  ca t a ly t i c  ac t iv i ty  
under a NE atmosphere was observed (Table I and VII I ) .  This i n sens i t i v i ty  of HDS 
reactions t o  ca t a ly t i c  a c t i v i t y  a t  t he  lower solvent-to-coal r a t i o  could be due to  the 
rapid depletion of hydrogen donor species tha t  occurs under a N2 atmosphere. For 
instance,  as  shown i n  Table IX, the degree of conversion of coal t o  l iqu ids  (cresol 
solubles) under a nitrogen atmosphere was the same a f t e r  two hours of reaction as  
t h a t  a f t e r  15 minutes, presumably because of the rapid depletion o f  donor species;  
f o r ,  in the presence of a H2 atmosphere, a s ign i f i can t  increase in conversion resulted 
when the reaction time was increased from 15 minutes t o  two hours. If  the ca t a lys t  
can serve t o  acce lera te  HDS reactions by f a c i l i t a t i n g  the t ransfer  of hydrogen from 
donor species t o  ac t ive  sulfur bearing species,  then t h e  concentration of donor species 
does take on importance, and the observed decrease i n  c a t a l y t i c  ac t iv i ty  w i t h  a 
decrease i n  the solvent-to-coal r a t i o  should be expected. Further experiments a r e  
i n  progress t o  ascer ta in  the  extent t o  which HDS ca ta lys t s  can serve t o  acce lera te  
reactions i n  t h i s  capacity.  The major ro l e  of HDS ca t a lys t s  appears nevertheless t o  
be the acceleration of the t ransfer  of gaseous hydrogen t o  reac t ive  su l fu r  bearing 

As shown i n  Table VI11 the r a t e  of hydrodesulfurization (HDS) of a 3:l coa l /o i l  

An e a r l i e r  more de ta i led  study of non-catalytic HDS 

However, 
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I species, T h u s ,  a H2 atmosphere must be present f o r  a ca t a lys t  t o  be most effective 
i n  accelerating HDS reac t ions ,  

ca t a lys t  a s  did presulfided Co-Mo-Al. Among the  l iqu id  products, Co-Mo-A1 was 
se lec t ive  i n  accelerating desul fur iza t ion  reac t ions  i n  t h a t  i t  a f fec ted  the  asphaltene 
f rac t ion  the most i n  both percentage of su l fu r  (0.92 -f 0.50%) and absolute weight 
of sulfur (0.12 -+ 0.07 gr). The s e l e c t i v i t y  of Fe ca t a lys t  among the l iquid products 
was n o t  as apparent as t h a t  of Co-Mo-A1 ca t a lys t .  

I n  an e a r l i e r  study (13) H2S was shown t o  i n h i b i t  the ac t iv i ty  of HDS ca ta lys t s .  , ' T h i s  inhibit ion by H2S could be due to  e i t h e r  the blocking of ac t ive  hydrogenation , centers or back reaction by HzS product. 
stoichiometric FeSl+x, and a s  a r e s u l t ,  i s  a much more e f f ec t ive  HDS ca t a lys t  than 
e i the r  pyr i te  or reduced pyr i te  (Table IV), each of which rapidly form non-stoich- a' 
iometric FeSl+x during HDS (13). 
ac t iv i ty  by H2S i s  provided by comparing the r e su l t s  given in Table I1  and IV: 
during the HDS of a coa l /o i l  s l u r r y  in the  presence of coal ash too much H2S was 
apparently produced fo r  the  ash t o  scrub out  (Table I I ) ,  and because of H S i n h i b i t i o r l )  
the coal ash was t o t a l l y  ine f f ec t ive  as  an HDS ca ta lys t ;  whereas during t i e  HDS of 
creosote o i l  a l l  of the H2S product was scrubbed out by the coal ash (Table IV), and 
the  coal ash was a very e f f ec t ive  HDS ca t a lys t .  
Table 11, SRC residue is  e s s e n t i a l l y  inef fec t ive  a s  a HDS ca ta lys t .  

reactions more than hydrogenation reac t ions ,  i n  t h a t  as  i t s  concentration was 
increased from one t o  13.3 percent, su l fur  removal increased s igni f icant ly  w i t h  l i t t l e  
change i n  hydrogen consumption (Hf/HO). 

Apparently from Table 11, Fe proved t o  )be about as  e f fec t ive  as  a desu l fur iza t io  g, 
I 

i 
Fe r eac t s  w i t h  product H2S t o  form non- 

Further evidence of the inhib i t ion  of ca t a ly t i c  J 

, 
For s imi la r  reasons, as  shown in 

Because of the 
scrubbing ac t ion  of H S product by Fe then, i t  i s  a very e f f ec t ive  HDS ca ta lys t .  In 
f a c t ,  a s  shown in Tab?e VI, Fe Cata lys t  appears t o  be se lec t ive  i n  accelerating HDS 

Process Application I 

During s t a r tup  of the Wilsonville SRC p i l o t  p lan t  i t  has been observed tha t  
mineral matter accumulates i n  the d isso lver  un t i l  steady state conditions a re  achieved 
This mineral matter h a s  been found t o  exer t  some ca t a ly t i c  ac t iv i ty ,  par t icu lar ly  
with regard t o  l iquefaction and hydrogenation reactions.  
agrement with the results discussed above. Actual SRC residue obtained from the 
Wilsonville plant a s  well a s  several  minerals indigenous t o  coal and even coal ash, 
f o r  example, were shown t o  a c t  a s  e f f ec t ive  hydrogenation c a t a l j s t s . .  However, two 
major disadvantages t o  the use of SRC residue were observed: 1 
a HDS ca ta lys t ;  2 )  i t  i s  not s e l ec t ive  i n  the ca t a ly t i c  ac t iv i ty  and contributes t o  
excess hydrogen consumption due t o  excess gas formation, etc.  The r e su l t s  obtained 
fo r  SRC residue should be ind ica t ive  of the ca t a ly t i c  behavior of the mineral matter 
t h a t  ex is t s  i n  the  SRC disso lver .  To i l l u s t r a t e :  
ex i s t s  i n  the  SRC dissolver during normal steady s t a t e  operation. 
pyrite,  and coal ash as well as SRC residue then -- a l l  of which were observed to  
be inef fec t ive  HDS ca ta lys t s  in a H2S atmosphere -- indigenous mineral matter does 
not scrub out  H2S product, and a s  a r e s u l t ,  should not exert  a s ign i f i can t  ca ta ly t ic  
ac t iv i ty  fo r  HDS reactions.  In addi t ion ,  the  hydrogen consumption required t o  obtain 
the  typical conversion y i e lds  obtained a t  Wilsonville have been estimated us ing  non- 
ca t a ly t i c  kn ie t ics  t o  be about one half  of t h a t  ac tua l ly  required (15). The ca ta ly t ic  
ac t iv i ty  existed by indigenous coal minerals was suggested to  be the major cause of 
t h i s  higher hydrogen consumption, 

most a t t r ac t ive  a s  a ca t a lys t  fo r  t h e  SRC process: 1 )  i t  i s  an e f f ec t ive  HDS c a t a l y s a  
2 )  i t  i s  somewhat s e l ec t ive  w i t h  regard t o  accelerating hydrogenation reactions,  w i t h  
minimal contribution t o  increased hydrogen consumption, 

This finding is i n  complete 

I,, 

i t  i s  ineffective a s  

, (  an appreciable H2S atmosphere 
Like pyr i te ,  reduc 

1 

I _  
I n  cont ras t  t o  the minerals indigenous t o  coa l ,  Fe has been shown here to  be 
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Table 1 .  Pr(ldu:t and Sul fu r  01~trlbvtl00 by Different 
so lven t  m e  ca:a!yst in Autoclave Reactor 

ro lven t l coa l  m 2 .  1 - 4lOoC. 120 minutes. 1000 rpn 

- A - 8 - C 0 E F G - - - 
LRO creosote LRO creosote LRO LRO LRO - Ca-*o-Al' Co-Po-Al' Co-Pb-Al' Fe SRC residue 

H2 (2000) H2 (2000) N 2  (1000) N 2  (low) HZ (2000) H2 (2000) H2 12000) 

7.1 16.5 4.0 57.4 41.4 33.0 
45.2 
12.8 
9.1 

38.5 
19.3  
0 .9  

32.6  
37.8 42.5 28.7 19.3 38 .4  

4.8 ?1.1 8.5 2.3 16.6 
1 2 . 5  39.3 46 .3  1 4 . 4  0.0 

0.49 0.34 0.51 0.25 0.25 0.31 
0.90 
0.63 
3.82 

0.31 
0.98 0.89 0.78 0.50 0.75 

0.30 
0.92 

0.78 0.63 0.65 0.99 
4.00 

0 .55  
4.07 2 .46  2.82 2 .42  4 .01 

1.28 1.59 1.84  1.84 1 .28  1.78 
1.60 

2.14 
1.36 

0.29 
1.71 

0.24 
0.80 1 .03  1.56 

0.41 
0.28 0.40 0.29 0.42 
0.40 0.55 0.38 0.47 0.32 0.34 

0.44 0 . 4 3  0 . 5 1  0.40 0.48 0.33 0.36 

1.12 
0.25 

-: p r e r u l f i d e d  co-*-A1 
**: b a s t 4  on dnmf coal an4 solvent- free 
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Table I!. Effect  of Type o f  Cata lys t  on nydragen tonrumptlon 
and  Rate of i l yd rode ru l fu r i~a t lon  of  a CoallOll S lu r ry  

solvent  ( L R O ) I C O ~ I  - 2, T - 410%. 120 minuter. 1000 rpn 

Co-no-Al. 

5RC Residue " "  . "  
Coal Ash . .. . "  
F C  

Nene 

2.00 1.32 0.783 70 48 172 108 0.24 0.42 
2.02 1.32 0.523 151 97 234 175 0.19 0.28 

2.01 1.52 0.842 41 115 244 132 0.18 0.45 
2.00 1.36 0.739 35 115 206 125 0.37 0.40 
2.02 1.51 0,834 48 132 219 137 0.39 0 .44  

2.02 1.38 0.812 23 131 168 106 0.37 0.43 
2.00 1.48 0.919 2 5  80 190 127 0.37 0.49 
2.01 1.32 0.830 11 57 178 104 0.37 0.44 

2.00 
1.99 
2.01 

1 .48  
1.44 
1.46 

1.08 0.0 4 2  136 a7 
1.01 0.0 4 5  156 92 
1.02 0.0 45  157 99 

0.24 
0.27 
0.24 

0.58 
0.55 
0.55 

2.28 1.71 1.21 35 49 167 114 0.374 0.57 
1.92 1.59 1.11 37 5 6 1 5 5  95 0.417 0.62 
2.09 1.70 1.25 36 4 4 1 3 5  90 0.350 0.64 

0.63 1.65 1.19 48 53 141 83 0.411 
1.54 _ _  -. .. .. .. 0.402 

2.0: 
2.01 _ _  

0.49 

0.33  

0.29 

0.25 

0.16 

Table 111. t f f e c t  of Ca ta lys t  and Solvent  (LR0)-to-Coal 
Ratio on Hydrogen Consumption 

T = 4100C. 120 minutes, 1000 rpn 

I n l t i a l  Flnal  P a r t i a l  Pressures (psfq) 
Co-.m-Al* Solvent- to-  Prerrurc  P T ~ S S U ~ L  
Ca ta lys t  Coal Rat io  (10-3 p i g )  [lo-, ps ig )  (IF3) n2S ' cHq t2-C5 

None 3 : l  2.02 1.72 1.16 31.3 37.4 280 73 
None 3 : l  2.00 1.70 1.34 7.4 41.8 108 68 

15.0% 3:l 
15.0s  3:l 

2.00 1.229 0.56 127 58 198 144 
2.02 1.360 0.82 54 55 169 118 

N O W  2:l 2.00 1.48 0.95 50 4 5  137 93 

15.02 2:l 
15.02 2:l 

2.00 1.320 0.783 70  48 172 108 
2.02 1.320 0.523 151 97 234 175 

Hfllb" 

0.62 
0.72 

0.30 
0.44 

0.62 

0.42 
0.28 
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Table I v .  Catalyst Screening Runs: L i q u i d  I Sulfur. Final Total 
Pressure. F ina l  Gas tanposi t ion.  and Frrc t lonal  Decrease i n  
Hydrogen Pressure 

15 g r a m  cata lyst .  100 grams creosote o i l .  T - 425'C. 
p i  - 3000 p s j g  m2. 120 ninutcs. zoo0 rpl 

Final  

None 

N0"L 

r v l c O I l t e  1-80) 

Iran (-325) 

Reduced Pyr i te  

coa l  Ash 

S i d e r i t e  

SRC Sol ids 1-325) 

Co-%-A1 1-80. ,150) 

Co-%-A1 (-325) 

0.52 2.40 2.13 

0.46 2.42 2.23 

0.39 2.18 1.94 

0.27 1.98 1.75 

0.36 1.96 1.85 

0.23 1.92 1.72 

0.34 1.81 1.61 

0.32 1.73 1.48 

0.02 1.12 0.92 

0.02 1.02 0.73 

10. 

7.1 

8.5 

c 1. 

17. 

< 1. 

< I .  

13. 

' 1. 

1.7 

2.5 

2.0 

1.0 

12. 

0.4 ' 

1.4 

67. 

24. 

1.9 

1.3 

64. 18. 

62. 24. 

51. 20. 

16. 20. 

61. 18. 

57. 15.3 

93. 29. 

85. 30. 

128. 74. 

130. 79. 

f t i  u i d  products: those that  ass through a YhaOMn 151 f i l t e r  paper 
** HfTH,,: the r a t i o  o f  the fins? hydrogen p a r t i a l  pressure t o  the orlglnal 

Table V .  HPLC Analysis O f  Treated Creosote O i l  

0.78 

0.M 

0.81 

0.65 

0.60 

0.32 

CCW0""d ut. I 
A B c 0 E F 

1 and 2-naphthani t r i le  
c a r b z o l e  
napnthalenr 
Z-nethyl csrbs lo le  
I -wchylnaptns lene  
2-wethyl ndpIhal enc 
acenlphthinc 
flvorene 
dlbenmthiophene 
Phenantnrene 
anthracene 

0.611 
0.423 

0.106 
5.23 
8.00 
6.28 
5.22 
1.27 

1.06 

e.92 

12.4 

0.458 
0.386 
7.49 
0.084 
4.56 
6.21 
4.15 
5.02 
0.888 
9.10 
1.88 

0.243 
0.418 
6.55 
0.059 
3.14 
7.63 
1.56 
3.78 
0.720 
7.95 
1.31 

t r a c e  
0.386 
4.16 
0.067 
3.13 
5.42 
2.38 
3.62 
t r a c e  
8.05 
2.17 

O.Ll46 
0.143 
4.01 
0.102 
2.33 
4.61 
2.24 
3.64 
0.576 
7.11 
1.50 

t race 
0.526 
4.17 
t race 
2.08 
4.37 
2.08 
4.55 
0.622 
5.96 
1.53 

1.t.l 50.32 40.23 33.36 29.39 26.61 25.89 

A-or ig ina l  o l l  
0 - o i l  heated w i t h  hydmgen. no c a t a l y s t  
C-oil heated w i t h  hydrogen and p y r i t e  
%Oi l  neatto w i t h  hydmgen and Cobalt m 1 y W a t e  
I - O i l  hedted U i t h  hyalogen and coal ash 
F-o l l  heated w i t h  hydmgen and SRC solids 

Three runs were 
detzmined w a n  

mde for each t r e a m n t  
weight per cent. 

w i t h  re1 a t l Y l  standard dev iat ion between runs O f  2 8X O f  the 



Table  VI. Ef fec t  of l ron  Concentration on Hydrogen Canivmption 
and Rate of  Hydrodesul fur iza t ian  of  a Coal/Oil S l u r r y  

so lvent  [LRO)/coal - 2,  T 410oC. 120 minutes. 1WO rpn 

0. 2.28 1.11 1.21 35 49 161 114 0.314 0 .51  
0. 1 .92  1.59 1 .11  31 56 155 95 0.417 0.62 0 .62  
0. 2.09 1.10 1 .25  36 44 135 90 0.350 0.39 0.64 
0. 1.65 1.19 48 53 141 83 0.411 0.63 
0. 2.01 1.54 . - . . _ _  -. . 0,402 

2.0: 

1.0 2.21 1 . 7 0  1.19 5.9 54 ZOO 114 0.374 0.31 0.51 0.57 

2.0 1.52 1 . 2 3  0.113 0.0 42 172 102 0.318 0.35 0.56 0.56 
2.0 1.66 1.34 0.851 0.0 64 1R9 112 0.313 0.56 

4.0 1.98 1.41 0.923 0.0 50 189 101 0.360 0.35 0.50 0.57 
4 .0  1.48 1.22 0.863 0.0 24 120 13 0.329 0.64 

1.1 2.10 1 . 6 2  1.15 0.0 49 112 101 0,294 0 .28  0.59 0.59 
1.1 2.m 1.55 1.11 0 , 0 4 6 1 5 2  98 0.213 0.58 

13.3 2.01 1 . 4 6  1 .02  0 . 0 4 5 1 5 1  99 0.237 0.55 
13.3 1 .99  1.42 1.01 0.0 5 5  156 92 0.271 0.25 0.55 0.56 
13.3 2.@0 1.48 1 .08  0.0 42 136 81 0.24 0.58 

product. I* 

asphaltene 
predlphdliene 
in io luble i  

011 + gases 

total r v l f u r .  grams 
Tedctdntl 
products (except gases1  
o i l  
benzene IOlubleS 
pyrld?ne r o l u b l e s  

naphtha lene l te t ra l ln  
(GC peak r a t i o )  

*: f. : 

Table Vll. Product a n d  Sulfur  Dis t r ibu t ion  i n  
Small Tublng-6omb Reactor 

r o l v e n t ( t e t r a l i n ) / c o a l  = 2. 7 - 4lOoC, 30 minutes 

A" B - c - 0 
Fe to-m-A1 to-no-A1 

H2 (1360 ps lg)  H2 (1200 psig) a i 7  ( l a m )  a i r  ( l a m )  
100-500 1w 100 -1000 

21 .0  23.0 
18 .2  17.4 
45 .8  43.4 
15.1 16.2 

0.14 
1.16 
0.53 
4.29 

0.13 
1.41 

3.66 
0.31 

22.4 
23.8 
31.4 
22.4 

0.06 
1.39 
0.91 
3.38 

0.080 0.081 0.065 
0.055 0.015 0.062 
0.009 0.009 0.W3 
0,011 0.015 0.010 
0.023 0.019 0.016 

0 . 5 1  0.59 0.29 

baled on dmnf coal and so lvent - f ree  
average  value Of 4 runs at 100. 250. 350 and 500  c y c l e s  per minute. 
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31.4 
33.3 
24.8 
10.5 



weight Percent of 
Catdlyr t  ICO-%-Al.) 

none 
None 

!lone 

1 5 . 0  
15.0 

1 5 . 0  
15.0 

None 

!5.0 
15.0 

1 5 . 0  
15 .0  

Table V I I I .  Effecl of Cata lys t .  Hydrogen Atmsphere.  and 
Solvent-to-Coal Ral io  on Rate of Hydmdesulfur izat lon o f  D 
Coal/Oil S lu r ry  

T = 41OoC, 120 mlnutes. 1000 rpm 

Percent Sulfur  content  
Solvent- to-  of  Liquid Fract ion o f  Tetra1 I n /  

Atmasphere Coal Ratio Reaction PmduCt ** Naphthalene Ratio*** 

2000 psig H 3 : 1  0 .42  0 . 1 9 0  
2000 p s i g  H: 3 : l  0.42 

1000 prig N: 3 : l  0.29 

2000 ps ig  N2 3 : l  0 .42  0.066 

1000 pr ig  N 3 : l  0.30 0.066 

2000 psig H 3 : l  0.17 
2000 pr ig  H: 3 : l  0.11 

ZOO0 psig H2 2 : l  0.39(avp o f  4 r u m )  0.16 

2000 pr ig  H 2 : l  0 .24  0.49 
2000 p s i g  H: 2 : 1  0 .19  

2 :1  0.36 
2:1  0 . 3 8  

Table I X .  f f f e c t  O f  Reaction Time and A t m s p h e r e  on 
Conversion of Coal t o  Liquid 

Cresol Soluble  
Atmorphere Reaction T i m  Cresol Solublesl:) Yield (:I* 

2 hrs .  96.20  95 .81  

2 hrs .  8 9 . 7 8  6E.81 

15 mi". 92.3 78.23 

I 5  mi". 89.73 66.58 

"2 

N2 

H2 

N2 

Reaction Condit ionr:  

TemPerdture = 4lOoC 
Solvent-to-Coal Ra t io  = 2:1 
Won-Catalytic 

*Cresol S o l u b l e  Yield 

= t h e  recovered i n so lub le  r e s idue ;  
coa l .  

~ C - A lM) 
where C = charge of m i s t w e  free c o a l ;  A 

M- t h e  f ract ion O f  mineral matter f n  dry 
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FLASH PYROLYSIS COAL TAR. W.G. Wil lsor . ,  S .A .  Q a d e r ,  E.W.Knel1. 
O c c i d e n t a l  Research C o r p o r a t i o n ,  1855 C a r r i o n  Road, L a  Verne, Ca 91750. 

A Wyoming subbi tuminous  c o a l  was s u b j e c t e d  t o  f l a s h  p l ' r o l y s i s  i n  
hench s c a l e  and PDIJ f l o w  sys tems.  A s e r i e s  of c o a l  p y r o l y s i s  tests were 
conducted  i n  a 1. l b / h r  hench scale r e a c t o r  t o  o b t a i n  t a r  y i e l d  and 
c h a r a c t e r i z a t i o n  d a t a  a s  f u n c t i o n s  of pyro l .ys i s  c o n 6 i k i o n s .  Temp- 
e r a t u r e s  enployed v a r i e d  f r o m  1009-1400°F and r e s i d e n c e  times of  1 . 5  
and 3.0 seconds  were used.  Tar  y i e l d  w a s  fouiic? t o  b e  q n i t e  s e n s i t i v e  t o  
b o t h  v a r i a b l e s .  The p r o p e r t i e s  o f  o i l s  an3  a s p h a l t e n e s  were found t3  
b e  i n s e n s i t i v e  tc t e n p o r a t u r e  b u t  v a r i e d  s i g n i f i c a n t l y  w i t h  r e s i d e n c e  
t ines under  t h e  t es t  c o n d i t i o n s .  Tar  produced i n  the PDU was fonncl 
t.0 be  q u i t e  s i m i l a r  t o  t h a t  produced i n  t h e  bench scale reactor under  
s i m i l a r  r e a c t i o n  c o n d i t i o n s .  
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THE SRC I 1  PROCESS 

R.  P. Anderson 

The Pi t t sburg  & Midway Coal Mining Co. 
9009 West 67th S t r ee t  

Merriam, Kansas 66202 

I .  INTRODUCTION 

In the original P&FI Solvent Refined Coal Process,l  now designated SRC I ,  
coal i s  dissolved under moderate hydrogen pressure i n  an in t e rna l ly  
generated heavy aromatic so lvent  t o  produce a l i qu id  from which mineral 
matter i s  removed by f i l t r a t i o n .  
vacuum d i s t i l l a t i o n ;  the d i s t i l l a t i o n  residue which i s  a so l id  under 
ambient conditions i s  a very low ash ,  low su l fu r  fuel known as Solvent 
Refined Coal. The current s t a t e  o f  development o f  the S R C  I process i s  
indicated by the highly successful operation o f  two p i l o t  p lan ts ;  a 
6 tonlday p i lo t  p lan t  a t  Wilsonville,  Alabama,2 which i s  cur ren t ly  
sponsored by ERDA and EPRI and i s  operared by Cata ly t ic ,  Inc. ,  and a 
la rger  50 ton/day p i l o t  p l an t  a t  Fo,-t l ewis ,  W a ~ h i n g t o n , ~  which i s  
sponsored by ERDA and i s  operated by The Pi t t sburg  & Midway Coal 
Mining Co., a subsidiary of Gulf Oil  Corp. 

Solvent i s  recovered f o r  reuse by 

In an improved version of t h e  process,  designated SRC I1,@ a portion 
o f  coal solution is  recycled as  so lvent  i n  the  process in place o f  the 
d i s t i l l a t e  solverit of the o r ig ina l  SRC I process. T h i s  improved pro- 
cess  increases the  conversion of dissolved coal t o  lower molecular 
weight fue ls ;  the primary product o f  t h i s  process i s  a l iqu id  fue l  i n  
place of the  so l id  product of the SRC I process. 

In the modified process, a f r ac t ion  of t he  coal so lu t ion  i s  used in 
feed s lu r ry  formulation; t h e  remainder i s  ava i lab le  f o r  product 
i so la t ion  (Figure 1 ) .  T h e  fuel value could be recovered by f i l t r a t i o n  
i n  which case the primary fuel product would be t h e  f i l t r a t e ,  a heavy, 
sometimes viscous 1 iquid product. Laboratory work has  demonstrated, 
however, t h a t  under appropriate reac t ion  conditions the  conversion of 
h i g h  molecular weight dissolved coal t o  lower molecular weight products 
i s  adequate t o  allow recovery of t h e  fuel product by d i s t i l l a t i o n ,  
thereby elirninat.;ng the d i f f i c u l t  and expensive f i l t r a t i o n  s tep .  
primary product i s  a low s u l f u r  d i s t i l l a t e  fuel o i l  w i t h  a d i s t i l l a t i o n  
range corresponding roughly t o  t h a t  o f  recycle solvent of the SRC I 
process. The residuc from t h e  vacuum d i s t i l l a t i o n  cons is t s  of th ree  
components: ash, inso luble  organic matter,  and material which has 
dissolved but i s  not d i s t i l l a b l e ;  i . e . ,  s imi l a r  t o  the so l id  SRC of the 
SRC I process. By appropriate s e l ec t ion  o f  reaction conditions,  the 
d i s t i l l a t i o n  residue y ie ld  can be reduced t o  t h a t  required f o r  hydrogen 
generation f o r  the process. 

The 
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The increased conversion t o  l i g h t  products i n  the SRC I 1  process i s  
caused by a combination of t h ree  fac tors :  

1.  Pressure and residence time used i n  t he  SRC I1 process 
a r e  increased over those typ ica l ly  used i n  t he  SRC I 
process. 

2. Recycle of the coal so lu t ion  allows addi t iona l  reaction 
time f o r  conversion of high molecular weight dissolved 
coal t o  lower molecular we igh t  products. 

3. The concentration o f  mineral matter,  which i s  known t o  
function a s  a ca t a lys t  f o r  SRC reac t ions ,  i s  increased. 

In this  paper, development of the  SRC I1 process a t  the PEM Merriam 
Laboratory i s  described. In the f i r s t  s tage  o f  development, t h i s  work 
defined i n  general terms conditions under which the SRC I 1  process 
could be conducted and product y i e lds  and proper t ies  were determined. 
In l a t e r  work, which was designed t o  provide information f o r  SRC I 1  
operation a t  the Fort Lewis P i l o t  P lan t ,  a systematic study was made 
t o  c'etermine the e f f e c t  of the  following var iab les :  coal concentra- 
t i o n  i n  t he  feed s lu r ry ,  d i sso lver  residence time, d i sso lver  
temperature, and hydrogen feed r a t e .  Pressure e f f ec t s  were not a 
par t  of t he  l a t t e r  study ( the  objec t ive  was to  make the  study a t  t he  
minimum prac t ica l  pressure) b u t  some comparisons between runs a t  
varying pressures a r e  ava i lab le .  

EXPERIMENTAL 

Materials: Coal used was a blend of Kentucky Nos. 9 and 14 from P&M's 
Colonial Mine in Hopkins County. 
paper was car r ied  out  w i t h  one l o t ,  designated l o t  5,  but several  runs 
(GU 120, GU 4A, GU 135R) ca r r i ed  out  w i t h  another l o t ,  l o t  4, which 
was o f  higher iron content a r e  a l so  presented. Coal analyses 'are 
given i n  Table I .  Recycle solvent was generally in te rna l1  generated. 
When insu f f i c i en t  . i n t e rna l ly  generated solvent was ava i labfe  fo r  s t a r t  
u p  of a r u n ,  recycle solvent from the Fort Lewis P i l o t  Plant was used. 

Equipment: A simplified schematic of the laboratory sca l e  continuous 
reac tor  used i n  the present work i s  shown i n  Figure 2 .  The  reac t ion  
subsystem cons is t s  of a preheater and one o r  two d isso lvers  operated 
i n  s e r i e s .  The preheater i s  a 4 .5  f t  section of 11/16 inch ID pressure 
tubing (316 s t a i n l e s s  s t e e l )  and each of the d isso lvers  i s  a 7 f t  sec- 
t i on  of t he  same diameter tubing. The preheater is typ ica l ly  operated 
w i t h  a temperature p r o f i l e  t o  allow a temperature of 4OO0C i n  the top 
zone. Due t o  the low temperature o f  this  vesse l ,  preheater volume is 
not included in ca lcu la t ion  of reac tor  volume, residence times, o r  
feed r a t e s  expressed i n  l b /h r / f t3 .  
(corrected f o r  thermowell volume) i s  452 ml (0.01596 cu f t )  which 
corresponds to  520 g of s lu r ry  t o  f i l l .  
1040 g/hr corresponds t o  a nominal l i qu id  residence time of 1 hr with 
both d isso lvers  i n  use. 

Most of t he  work described i n  t h i s  

Reaction volume f o r  each d isso lver  

T h u s ,  a s l u r r y  feed r a t e  of 
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PROXIMATE ANALY S 

TABLE I 

Feed Coal Analysis 
(Dry Bas is )  

% Weioht 
S Lot 4 Lot 5 ULTIMATE AI4 YSIS Lot 4 Lot P. 

% Ash 11.39 8.87 
% Vola t i l e  38.12 38.12 

% Fixed Carbon 50.49 53.01 
100.00 100.00 

Btu/lb 

SULFUR FORMS 

% Pyr i t i c  Sul fur  
% Sulfa te  Su l fu r  
% Organic Sul fur  

% Total Sul fur  

Free Swell i ng  Index 

12700 

2.65 
0.54 
0.92 
4.11 

3.5 

Carbon 69.54 71.89 
Hyarogeti 4.94 5.10 
Nitrogen 1.22 1.24 
Chlorine 0.03 0.06 

Sul fur  
Ash 

13238 Oxygen ( d i f f )  

MINERAL ANALYSIS 

1.87 P h o s .  pentoxide, P,05 
0.21 S i l i c a ;  S i O z  
1.07 Fe r r i c  oxide,  Fe2O3 
3.21 Alumina, Al?03 

T i t an ia ,  Ti02 
5 Lime, CaO 

Magnesia, MgO 
Su l fu r  t r i ox ide ,  SO3 
Potassium oxide,  K,O 

Sodium oxide,  NazO 
Undetermined 

4.11 3.21 
11.39 8.87 
-_. 8.77 - 9.63 
100.00 ioo.00 

% Weight 
Ignited Ignited 
Basis Basis 
Lot 4 Lot 5 

0.37 0.14 
31.56 39.10 
38.76 31.78 
22.93 20.91 
0.98 0.98 
1.79 2.00 

~~ 

0.45 0.65 
1.27 1.71 
1.34 2.20 
0.31 0.38 
0.24 0.15 

100.00 100.00 
-- __ 

Reactor e f f luen t  passes from t h e  d i s so lve r  t o  a pressure letdown and 
sample co l lec t ion  system. T h i s  system accomplishes the  separation of 
gases, water, and l i g h t  o i l  from t h e  coal so lu t ion .  The r e su l t an t  
stripped coal  so lu t ion  is  co l l ec t ed  f o r  i n t e rva l s  of from 2 t o  4 hrs; 
fur ther  workup of t he  coal so lu t ion  ( s lu r ry  preparation and product 
i so la t ion)  i s  performed manually i n  batch procedures. 

Operatinq Procedures: A typ ica l  run i n  which a sing7e condition i s  
investigated typ ica l ly  requi res  on the  order of 60-100 hours of con- 
t i n u o u s  operation t o  reach steady s t a t e  conditions followsd by a 
period of steady s t a t e  operation during which data f o r  y ie ld  de te r -  
minations and product proper t ies  a r e  co l lec ted .  
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The most s a t i s f ac to ry  method t o  reach steady s t a t e  operation i n  the  
SRC I 1  mode i s  t o  begin operation w i t h  a s lu r ry  of d i s t i l l a t e  solvent 
a n d  coal.  As coal so lu t ion  i s  co l l ec t ed ,  the required amount i s  
blended with coal and added t o  the  reac tor  s l u r r y  feed vesse l .  T h i s  
process i s  continued unt i l  a s a t i s f ac to ry  period of steady s t a t e  
operation i s  achieved. The approach t o  l ineout  i s  followed by empiri- 
cal r u n  control measurements which have been discussed previously5 
a n d  will not be r e i t e r a t ed  here.  A typical run control cha r t  i s  shown 
in Figure 3.  For this r u n  i t  can be seen t h a t  feed s lu r ry  ash increased 
as coal so lu t ion  was recycled until  a steady s t a t e  concentration of 
abo2t 9% was observed ,Aacknessa  increased t o  a steady s t a t e  value 
s l i gh t ly  below 20 and IR (except f o r  t he  low value fo r  the  i n i t i a l  
sample which i s  a re f lec t ion  o f  t he  lower hydrogenation s t a t e  f o r  the  
s ta r tup  so lvent )  showed some o s c i l l a t i o n  b u t  no long term t rends .  
These control measurements together w i t h  g a s  y i e lds ,  d i s t i l l a t i o n  
r e su l t s ,  e t c .  give rapid ind ica t ions  of t he  progress of the  r u n  and 
indicate when steady s t a t e  operation i s  achieved; steady s t a t e  opera- 
t ion i s  l a t e r  confirmed by constancy of product y i e lds  andcompositions. 

A portion of t he  coal so lu t ion  i s  used i n  s lu r ry  formulation; the  
remainder i s  ava i lab le  f o r  product i so l a t ion .  Yields presented i n t h i s  
paper a re  f o r  the  process 
solution t o  produce a d i s t i l l a t e  fuel product a n d  a d i s t i l l a t i o n  
residue. Yields o f  the three components of the  d i s t i l l a t i o n  residue-- 
a s h ,  insoluble organic matter,  and so l id  SRC (dissolved b u t  not 
d i s t i l l ab l e ) - -wi l l  be reported separa te ly .  I n  the actual laboratory 
workup a f i l t r a t i o n  s t e p  may precede the  d i s t i l l a t i o n .  In e i t h e r  case 
the d i s t i l l a t i o n  i s  a batch operation car r ied  out i n  laboratory equip- 
ment with an o i l  vacuum pump. Typically,  pressure ear ly  i n  t he  
d i s t i l l a t i o n  i s  below 1 mm Hg and increases as  the d i s t i l l a t i o n  
temperature exceeds 25OoC. 
decomposition takes place; the normal d i s t i l l a t i o n  endpoint i s  about 
270GC head temperature a t  which time the  d i s t i l l a t i o n  pressure has 
often increased t o  about 3-5 nun Hg. 

I n  the G U  137R-GU 160R s e r i e s ,  s o l i d s  level in the feed s l u r r y  was n o t  
allowed t o  exceed 48%. 
matter i n  the  unf i l te red  coal so lu t ion  used i n  s l u r r y  formulation a s  
well as the  added coa l ) .  T h i s  cons t r a in t  was imposed by consideration 
of possible operational cons t ra in ts  f o r  the  F o r t  Lewis P i l o t  P lan t .  
A t  the higher coal concentrations used, t h i s  l imi ta t ion  necess i t a t e s  
the use of some recycle solvent i n  s l u r r y  formulation. 
i l l u s t r a t ed  i n  the  simplified flow diagram shown on the following page 
where so l id s  level i n  t he  feed s l u r r y  can b e  controlled a t  acons t an t  
coal concentration by varying the  r e l a t i v e  amounts of un f i l t e r ed  coal 
solution and recycle solvent used i n  s lu r ry  preparation, 

involving d i . s t i l l a t ion  o f  unf i l t e r ed  coal 

D i s t i l l a t i o n s  a r e  terminated before ser ious  

(Solids include ash and insoluble organic 

T h i s  i s  

A t  a coal 

aBlackness i s  a meeure  of absorbance of the coal so lu t ion  i n  the  
v i s ib l e  region. IR ,  determined from the  inf ra red  spectrum o f  the 
coal so lu t ion ,  i s  a measure o f  the hydrogenation s t a t e  of t he  coal 
solution and increases as the degree of hydrobenation of t he  coal 
solution increases.  See reference 5 f o r  a complete descr ip t ion  o f  
these measurements. 



concentration of 30%, no recycle solvent i s  required. 
concentration of 40%, other components of the feed s lu r ry  were 51% 
unfil tered coal so lu t ion  and 9% recycle solvent ,  and a t  a coal 
concentration of 45% other coniponents of the feed s lu r ry  were 
27.5% unf i l te red  coal so lu t ion  and 27.5% recycle solvent .  As 
currently pract iced,  t he  recycle solvent used i n  a s lu r ry  formulation 
i s  the same material a s  the d i s t i l l a t e  fuel product of the SRC I1  
process. Unfil tered coal solut ion i s  d i s t i l l e d ;  t he  required amount 
of d i s t i l l a t e  i s  used in s l u r r y  formulation and the remainder i s  
available as product. 

A t  a coal 

H2 Gas 

1 

Solvent 

Excess Recycla Solvent 
(Heavy Dist i l la te  Fuel Product) 

Disti l lation Residde ~ ~ ~ o l u b l e  Organic Matter 

Conditions Explored: 
G U  137R-GU 160R s e r i e s  are a s  follows: 

Factors and l e v e l s  which were investigated in  the 

Factor Levels 

Coal concentration in  fecd s l u r r y ,  4: 30, 40, 45 
Dissolver Temperature, OC 

Hydrogen Feed Rate, w t  I based on feed s l u r r y  

A complete f ac to r i a l  would require an excessive number o f  runs, so only 
selected conditions were invest igated.  
an  important var iab le  was not investigated as  the objec t ive  was t o  make 
the current study a t  t h c  minimum pract ical  pressure. Several runs 
outside of t h i s  s e r i e s  (made a t  o ther  conditions including other pres- 
sures) are included i n  th i s  paper f o r  comparison purposes. 

Variables examined were n o t  varied over a wide range; previous work had  
defined in general terms conditions over rhich the SRC 11 process was 
operable. For example, a t  temperatures below abou t  445OC, the r a t e  fo r  

445, 455, 465 

4.9,  6 . 3  
Residence Time, hr 2/3, 1 ,  1 1/2 

Pressure which i s  known t o  be 
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conversion of asphaltene t o  o i l  is too low t o  sus t a in  sa t i s f ac to ry  
operation without an excessively long residence time and a t  temperatures 
much in excess of 465OC, coking becomes a problem. 

I t  was generally possible to  a t t a i n  sa t i s f ac to ry  steady s t a t e  operation 
and obtain r e l i a b l e  y ie ld  data f o r  t he  1 h o u r  and 1.5 hour r e s i d e n c e  
time runs but experimental d i f f i c u l t i e s  were of ten  experienced w i t h  
shor te r  residence times. The primary problem experienced in the shor t e r  
residence time runs was wi.th feed s l u r r y  v iscos i ty .  A t  the shor t e r  
residence time, conversion o f  SRC t o  o i l  i s  l o w e r  and feed s l u r r y  
v i scos i t i e s  a r e  higher. Under such conditions,  feed s l u r r y  v iscos i ty  
would lead t o  s l u r r y  pump f a i l u r e  which would force r u n  termination 
before a s a t i s f ac to ry  period o f  steady s t a t e  operation was a c h i e v e d  I 

Yield Reportin : Yields a re  reported on a loss f r e e ,  forced a s h  
balance basis.'Actual material accountabi l i ty  was exce l len t  w i t h  reac tor  
o u t p u t  normally varying from i n p u t  by only a few ten ths  of a p e r c e n t .  
Yields considered i n  th is  paper a r e  hydrocarbon gas y i e lds  ( C  -C ) , o i l  
y i e lds ,  SRC y i e lds ,  and, i n  one comparison, insoluble organi l  i a t t e r  
(IOM) y ie lds .  Methane t h r o u g h  butane y i e lds  a r e  considered r a the r  than 
to t a l  gas  y ie lds  o r  to ta l  hydrocarbon gas y i e lds  a s  C1-C4 y ie lds  a r e n o t  
subject t o  v a r i a b i l i t y  i n  operatior. of t h e  reac tor  sampling s y s t e m  a s  
a r e  to ta l  gas y i e lds  o r  t o t a l  hydrocarbon gas y i e l d s .  ( T h e  l a t t e r  
y ie lds  a r e  subject t o  var iab le  e f f i c i ency  of removal o f  heavier hydro- 
carbon gases from the  product gas stream.) 

Total o i l  y ie lds  a r e  considered r a the r  than y i e lds  of d i sc re t e  d i s t i l l a -  
t ion  f rac t ions ;  th i s  eliminates any p rob lems  which  m i g h t  b e  i n t r o -  
d uced by any  v a r i a b i l i t y  i n  t h e  f r a c t i o n a t i o n  p r o c e d u r e .  

Total o i l  y i e lds  include the  heavy d i s t i l l a t e  fuel cu t  (>24goC, equiva- 
lent t o  recycle solvent) and the  cu ts  which correspond to  the  wash 
solvent (193-249OC) and l i g h t  o i l  (~193OC) cu t s  of the SRC I pro- 
cess.  The f rac t ion  noted as  "unidentified gas t ta  has been shown t o  
cons is t  primarily of C -C hydrocarbons so this category i s  included 
w i t h  the t o t a l  o i l  yiald8 

Di s t i l l a t i on  r e s i d u e  p roduced  f r o m  d i s t i l l a t i o n  o f  u n f i l t e r e d  
coal so lu t ions  contains ash ,  insoluble organic matter,  and SRC. As ash 
i s  independent o f  processing conditions and the inso luble  organicmat te r  
y i e ld  var ies  over only a small range, d i s t i l l a t i o n  res idue  and SRCyields 
respond t o  changes in operating conditions i n  a para l le l  manner, In t h i s  
treatment,  SRC y i e lds  ra ther  t h a n  t o t a l  d i s t i l l a t i o n  residue y ie lds  a r e  
considered. Insoluble organic matter y i e lds  a r e  a l so  considered where 
they are o f  interest. 

Water y i e lds  appear anomalously h i g h  i n  some cases .  
y ie lds  may be re la ted  t o  hygroscopic properties of the  s lu r ry  o r ,  more 
l i ke ly ,  may be due t o  oxidation o f  hot feed s lu r ry .  

The h i g h  water 

Forced carbon 

aDifference between to t a l  weight o f  reac tor  o u t p u t  gas and weight of 
i den t i f i ed  gases. 
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111. 

balance y i e lds  h a v e  been 
y ie lds  but a r e  not used i n  this paper. Reported water y i e lds  a r e  f o r  
t he  crude aqueous phase; t h e  aqueous phase typ ica l ly  i s  about 92% water 
containing dissolved ammonia, hydrogen su l f ide ,  carbonate and phenol. 

Hydrogen consuaiptions are ca lcu la ted  by two methods. In the hydrogen 
gas balance method, consumption i s  determined by subtracting the  amount 
of hydrogen i n  t h e  output gas from the ca l ibra ted  hydrogen gas  i n p u t .  
T h i s  method involves the  determination o f  a small d i f fe rence  between 
two large numbers, both o f  which a r e  subjec t  t o  a h i g h  experimental 
uncertainty.  
t o  the la rge  experimental uncertainty,  hydrogen consumptions a r e  a l so  
calculated by an a1 t e rna te  method. 

A somewhat improved estimation of hydrogen consumption is  obtained by 
product ana lys i s .  The amount of hydrogen i n  the  products i s  determined 
from the product d i s t r i b u t i o n  (forced carbon balance bas is )  and the  
composition (% hydrogen) o f  each product. Hydrogen consumption i s  then 
equal t o  t h e  amount o f  hydrogen in the  products l e s s  the hydrogen 
content of the  feed coal.  

ca lcu la ted7  t o  cor rec t  fo r  the  high water 

As th i s  method i s  generally considered unsa t i s fac tory  due 

RESULTS 

SRC I - SRC I 1  Comparison-: 
residence times and lower pressure; than a r e  SRC I 1  runs. 
operat.ion, conditions fo r  SRC I runs a re  se lec ted  t o  obtain a breakeven 
y i e ld  o f  recycle so lvent  bu t  with no attempt t o  s iy i i i f ican t ly  increase 
t h e  solvent y i e ld  beyond t h a t  required f o r  recycle.  
runs a re  compared i n  Table 11. These runs represent an SRC I r u n  made 
under typical SRC condi t ions ;  an SRC I r u n  made under conditions typi-  
ca l  of SRC I1  operations,  and a typical SRC I1 r u n .  These runs were 
made w i t h  l o t  4 coa l .  ( A l l  o ther  runs discussed in t h i s  paper were. 
made with l o t  5 coal . )  Under the  typical SRC 1 conditions,  a breakeven 
y i e l d  of recycle solvent i s  obtained but there  i s  no excess heavy o i l  
while the primary product of t he  process i s  the  so l id  SRC which i s  
obtained i n  56% y i e l d .  In the  SRC I r u n  made under the conditions 
typical of the SRC I 1  process, a 16% y ie ld  of excess recycle so lvent  i s  
obtained ( t o t a l  d i s t i l l a t e  o i l  y i e ld  of 29%) and the  SRC yield is 
decreased t o  352. Under t h e  same cond-itions b u t  in the SRC I 1  mode of 
operation the  SRC y i e l d  i s  decreased t o  only 16% and the to ta l  d i s t i l -  
l a t e  o i l  y i e ld  i s  increased to '44%. The improved conversion o f  so l id  
SRC t o  l i gh te r  products in the SRC I J  runs i s  due t o  a combination of 
t h e  increased mineral o n t t e r  ( c a t a l y s t )  concentration and the recycling 
of the coal so lu t ion  which allows additional reaction time for  conver- 
s ion  of so l id  SRC t o  d i s t i l l a t e  products. 

Ihe  resu l t s  of t h i s  SRC I 1  run indica te  t h a t  t he  concept of the SRC I1 
operation with recovery o f  the  fuel product by d i s t i l l a t i o n  i s  prac t ica l  
and t h a t  t h e  y i e ld ' o f  d i s t i l l a t i o n  residue can be reduced to  t h a t  
required f o r  hydrogen generation f o r  the  process. I t  a l s o  ind ica tes  
t h a t  the a c t i v i t y  o f  the  na tu ra l ly  occurring ca t a lys t  i n  the coal i s  
adequate t o  accomplish the required conversion. 

SRC I runs a r e  generally made a t  sho r t e r  
In normal 

Three laboratory 

That t h e  use o f  a 
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separate c a t a l y s t  i s  not r equ i r ed . i s  a major advantage of the SRC I 1  
process. As the  conversion t o  low molecular weight products i s  
adequate t o  allow i so la t ion  of the fuel product by d i s t i l l a t i o n ,  the 
d i f f i c u l t  and expensive so l id s  removal s t ep  a s  well as mineral residue 
drying and product so l id i f i ca t ion  s t eps  may be eliminated which grea t ly  
s impl i f ies  t he  process. 
and so l id i f i ca t ion  equipment, i t  has been estimated t h d t  the  cost o f  
t he  SRC 11 product should be no more than t h a t  o f  the  so l id  SRC I 
product. 

Due t o  the  elimination of f i l t e r s ,  d ryers ,  

Pressure: As noted previously,  pressure was not among t h e  v a r i a b l e s  
included i n  the  cur ren t  study. 
sure  i s  increased, desired hydrogenation r a t e s  a re  increased and opera- 
b i l i t y  i s  improved. 
variables a t  t he  m i n i m u m  prac t ica l  pressure. \4ork a t  pressures lower 
than the  1900 p s i g  of this study had shown t h a t  i t  was p o s s i b l e  
t o  sus ta in  SRC I1 operation a t  a lower pressure b u t  o n l y  w i t h  
s ign i f i can t  increases i n  residence time. I t  was found t o  be impossible 
( i n  laboratory equipment) t o  maintain operation a t  1500 psig with other 
conditions s imi la r  t o  those of GU 135R (Table 11).  In order t o k e e p  the  
v iscos i ty  of t he  feed s lu r ry  manageable, residence time was. gr?.duiil  l y  
increased. 
fac tory  operation but only a f t e r  t he  residence time was increased 
1 . 7  h r .  
products (SRC y ie ld  o f  only 13%) b u t  only w i t h  a n  excessively h i g h  gas 
y i e ld ,  ( C l - C 4  y i e ld  o f  24.4%, twice t h a t  reported f o r  GU 135R). 

In view of unsa t i s fac tory  results a t  p r e s s u r e s  s i g n i f i c a n t l y  below 
1900 psig and t h e  des i r e  t o  operate a t  t he  minimum prac t ica l  pressure,  
a l l  fur ther  work was car r ied  ou t  a t  1900 ps ig .  ( w i t h  t h e  e x c e p t i o n  
of GU 160A and GU 1608 which car r ied  out pressures of 2000 and 1800 
psi g , respec t ive ly  ) . 
- Coal Concentration: The e f f e c t  of coal c o n c e i i t r a t i o n  i s  r e a d i l y  
apparent from Table 111. These runs were a l l  made with a d.issolvei. 
temperature of 455OC, a pressure o f  1900 p s i g ,  and a residence time o f  
one hour. 
cen t ra t ion  is apparent,  but there a r e  nfar l i nea r  
between coal concentration and y i e lds  of SRC and o i l .  O i l  y i e l  d 
decreases w i t h  increasing coal concentration while SRC y ie ld  increases 
with increasing coal concentration. 

I t  i s  generally recognized tt1a.L as pt-es- 

The objec t ive  of this  study t ias  t o  study o ther  

I t  was eventually found t o  be possible t o  maintain s a t i s -  
t o  

These conditions resulted i n  a high conversion of SRCto l i g h t e r  

No cor re la t ion  between hydrocarbon gas y i e lds  arid coal con- 
r e l a t i o n s h i p s  

Residence Time: Three l eve l s  o f  residence time were inves t iga ted .  N g s t  
runs were made with a nominal one hour  l iqu id  residence time with 
a limited tiun:ber of runs made with a 1.5 or 2/3 h o u r  residence t i n e .  
The 2/3 hour residence time runs were made only with low coal coticen- 
t r a t ions  and were generally. subject t o  operating d i f f i c u l t i e s .  Results 
i n  Table IV show t h a t  the  reduction i n  residence time f ron  o w  hour t o  
2 / 3  hour r e s u l t s  i n  a s ign i f i can t  increase  in SRC yie ld  and a s m a l l e r  
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TABLE I1  

Comparison SRC I and SRC I 1  Runs 

SRC I 
Typical Under 

( G U  120) (GU 4A) 

SRC I Typical SRC I1 
R u n  Cond i t i  ons 

Reaction Conditions 
Pressure, psig 1425 2000 
Dissolver Temperature, OC 450-455 455-465 
Nominal Residence Time, hr 0.4 1 .o 
Hydrogen Feed, w t  % of  s l u r r y  2.1 5.3 

Run No. % Coal C1-C4 Yield O i l  Yield 

GU 137R 30 10.9 37.4 
GU 152R 30 10.7 39.9 
GU 138R 40 10.0 29.5 
GU 154R 40 9.6 30.5 
GU 139R 45 11.6 24.5 
GU l47R 45 (11.6); 25.6 
GU 153R 45 8.2 25.4 

- 

Feed S1 urry Composition 
% Coal 39.0 35.0 
% Coal Solution -- -- 
% D i s t i l l a t e  Solv-nt 61 .O 65.0 

SRC Yield 

23.2 
24.2 
34.1 
35.0 
41.3 
40.0 
41.6 

Yields, W t  % Based on Coal 
'1-'4 
CO, C02, H2S 
Water 
L i g h t  O i l ,  C5-2490C 
Heavy D i s t i l a t e ,  <249OC 
Total Oil 
SRC 
IOM 
Ash 
H 2  Reacted (gas balance) 

2.9 12.5 
3.0 3.6 
6.4 7.6 

16.4 13.6 
-- 15.7 

16.4 29.3 

5.3 4.4 
11.3 11.3 

1.6 3.5 

56.3 34.8 

SRC I1 
(GU 135R) 

2000 
465 

1 .o 
4.9 

35.0 
65.0 

12.2 
3 .5  

11.4 
19.5 

44.3 
15.9 
4 .5  

11.5 
4 .O 

24.8 
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b u t  s t i l l  s ign i f i can t  decrease in o i l  y ie ld .  
increased gas y i e ld  reported f o r  t he  2/3 hour r u n  (GU 142R) i s  erroneous. 
This suspicion i s  confirmed by another r u n  made under the  sameconditions 
except f o r  an increased hydrogen feed r a t e  (GU 151R). The l a t t e r  r u n  i s  
excluded from the  following comparison as the r u n  was terminated b e f o r e  
sa t i s f ac to ry  steady s t a t e  operation was achieved. (A r u n  which approaches 
and docs not reach steady s ta te  operation may produce sa t i s f ac to ry  
y ie ld  data although r e l i a b l e  o i l  and SRC y ie lds  a r e  not ava i lab le . )  

An increase in residence time from 1 t o  1 1/2 hour resu l ted  i n  increases 
i n  gas and o i l  y i e lds  and the  expected decrease i n  SRC y ie ld .  

I t  i s  suspected t h a t  t he  

gas 

Km No. Residence Time, Hr C1-C4 Yield Oil Yield 

GU 142R 0.69 12 .ga 34.7 

GU 137R 0.97 10.9 37.4 
GU 152R 1 .oo 10.7 39.9 

TABLE IV 
Effect o f  Residence Time 

A .  302 Coal Concentration 

SRC Yield 

i0 .4  

23.2 
24.2 

Run No. Residence Time, Hr C,-C4 Yield 

GU 13GR 1.01 10.0 
GU 154R 1 .oo 9.6 

GU 1 4 1 R  1.59 13.9 

B. 40% Coal Concentration 

Oil Yield SRC Yield 

29.5 34.1 
30.5 35.0 

35.4 26.8 
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Tem era ture :  Mostruns 
wer: made a t  a d isso lver  temperature of 455OC w i t h  a l imited number o f  
runs a t  temperatures o f  445 o r  465OC. Although the m a g n i t u d e  o f  the  
e f f ec t  of temperature change i s  qu i t e  var iab le ,  i t  i s  seen t h a t ,  o v e r  
the range inves t iga ted ,  increasing temperature generally r e s u l t s  i n  
increases i n  gas and o i l  y i e lds  and decreases in SRC y ie ld .  A t  a 30% 
coal concentration and one hour residence time, increasing the  tempera- 
t u r e  from 445 t o  455OC resu l t s  in a s ign i f i can t  decrease in  SRC y i e l d  
and increase i n  o i l  y i e l d  while an increase from 455 t o  465@C (1 hour 
residence time, 403 coa l )  r e s u l t s  i n  only a small (probably in s ign i f i -  
can t )  decrease i n  SRC y i e ld  and increase i n  o i l  y i e ld .  

The temperature e f f e c t  noted in the  2/3 hour runs i s  o f  p a r t i c u l a r  
i n t e re s t .  Oil and SRC yie lds  fo r  the  higher temperature (465OC) runs 
appear more favorable (although the  m a g n i t u d e  o f  t he  improvement  
i s  questionable due t o  the usual mechanical problems experienced with 
2/3 hour runs), but the increase  in inso luble  organic matter (1OM)yield 
i s  regarded a s  being o f  pa r t i cu la r  s ign i f icance .  T h i s  s u b s t a n t i a l  
increase i n  IOMyieid i s  believed t o  be a n i n d i c a t i o n  o f  g e n e r a l l y  
unsatisfactory operating conditions;  conditions may be near those which 
wi l l  result i n  coke formation, ca t a lys t  des t ruc t ion ,  and reac tor  plug- 
g i n g .  

The e f f e c t  o f  temperature i s  shown i n  Table V .  

TABLE V 
Effect of Temperature 

A. 30% Coal 2/3 Hr 

Run No. 

GU 142R 

GU 150R 

GU 160RAa 
GU 160RBa 

Temp,OC C1-C4 Yield Oil Yield 1 SRC Yield IOM Yield 

455 12.9 34.7 30.4 4.8 

465 15.3 39.0 17.2 7.8 

465 16.9 38.0 20.9 6.3 
465 (16.9)b 37.3 21.5 7.1 

Run No. 

GU 155R 

GU 137R 
GU 152R 

GU 160RA was made a t  a pressure o f  2000 psig and GU 160RB was made a t  
a pressure o f  1800 psig.  All o ther  runs were made a t  t he  normal 1900 
psig. 

a 

bEs tima ted . 

Temp, O C  C1-C4 Yield Oil Yield SRC Yield IOM Yield 

445 10.0 35.1 31.1 4 .3  

455 10.9 37.4 23.3 4.3 
455 10.7 39.9 24.2 4.9 
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Run No. Temp, OC C1-C4 Yield 

GU 138R 455 10.0 

GU 146R 465 11.7 

The normal hydrogen feed r a t e  was about 4.9 wt % based on feed s lu r ry .  
In several runs a hydrogen feed r a t e  increased by about 30% (6.4 r g t  % 
based on feed s lu r ry )  i#ras used. 
hydrogen feed r a t e  runs a r e  compared w i t h  the  appropriate control runs 
i n  Table VI.  Any improved reaction due t o  increased hydrogen feed r a t e  
i s  apparently nu l l i f i ed  by the reduction in l i qu id  residence timecaused 
by the increased gas volume. A t  the  l eve l s  studied, hydrogen feed r a t e  
appears t o  have no s ign i f i can t  e f f e c t  on product y ie lds .  T h i s  conclu- 
sion should not be considered necessar i ly  valid fo r  l a r g e r  r e a c t o r s  
because of anomalous bubble behavior i n  the  small diameter reac tor  used 
in this work. 

Results f o r  t h ree  of t he  increased 

TABLE V I  
Effect of Hydrogen Feed Rate 

Oil Yield SRC Yield IOM Yield 

29.5 34.1 5.4 

28.7 33.7 6.7. 

Residence 
Run No. %Coal Time 

GU 137R 30 0.97 
GU 152R 30 1.00 

GU 138R 40 1.01 
GU 154R 40 1.00 

GU 139R 45 1.04 
GU 153R 45 0.99 

Hydrogen Consumption: Hydrogen consumptions generally vary i n  a manner 
cons is ten t  w i t h  the varyin conditions.  Precise cor re la t ions  a r e  d i f f i -  
c u l t ,  however, i n  view of !he r e l a t ive ly  h i g h  experimental e r r o r  in the  
hydrogen consumption determination. d d i s c u s s i o n  o f  t h i s  t o p i c  is 
beyond the scope of t h i s  paper. 
th i s  repor t  range from under 3% t o  4.6%. In  a typical r u n  i n  which  a 
sa t i s fac tory  conversion of SRC t o  l i g h t e r  products i s  achieved, hydrogen 
conversion is generally 4.0 t o  4.5 w t  % based on the  feed coal.  

Hydrogen consumptions o f  the r u n  i n  

H2 Feed 
Llt % MSCF 

Gased on Slurry Ton of Coal 

4.63 58.1 
6.28 78.9 

4.63 43.6 
6.23 58.6 

4.83 40.4 
6.06 50.7 
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- Product Pro e r t i e s :  Product properties haw generally been observed t o  
vary in a r k x  manner with operating conditions,  but a de ta i led  
discussion of t h i s  t op ic  i s  beysiid the  scope of t h i s  paper. However,  
properties have varied o v e r  only i r e l a t ive ly  narrow range. The follow- 
i n g  ranges o f  elemental composition and spec i f i c  grav i ty  f o r  t he  heavy 
d i s t i l l a t e  f u e l  p r o d u c t  (>24gGC) have  been o b s e r v e d  i n  t h e  
GU 136R-GU 160R s e r i e s .  

Carbon 86.8 - 88.1 
Hydrogen 7.6 - 8.5 
Sul fu r  0.22 - 0.35 
Ni troqen 1 .1  - 1.4 
Oxygen 2.5 - 3.6 
Spec i f ic  Gravity 1.027 - 1.052 

I V .  COKCLUSIONS 

I t  has been poss ib le  t o  sus t a in  sa t i s f ac t c ry  SRC I1 operation a t  ap res -  
sure  of 1900 psig and residence times of aboilt 2/3 t o  1 1/2 hours and 
temperatures of 445 t o  4G5OC. Under the  b e t t e r  conditions,  d i s t i l l a t i o n  
residue y i e ld  does not exceed t h a t  required f o r  hydrogen generation for  
the  process. Increasing coal coilcentration in the feed s lu r ry  r e su l t s  
i n  increasing the  y i e l d  of vacuum residue. I n c r e a s i n g  t e m p e r a t u r e  
r e su l t s  i n  decreased vacuum residue y ie ld  and increased y ie ld  of 1 i g h t  
products b u t  465OC appears t o  be approaching the maximum operable 
temperature. Over t h e  range investigated,  hydxgen addition r a t e  does 
not appear t o  be (1 s i g n i f i c a n t  variable in the laboratory apparatus.  
Increased residence time r e s u l t s  in decreased y i e lds  of vacuum residue 
and increased y i e lds  o f  l i g h t  products. 

An i n t e re s t ing  observation on t h i s  s e r i e s  o f  runs i s  the apparent near 
invariance o f  d i s t i l l a t e  o i l  y i e ld  with coal feed r a t e  when both a r e  
expressed i n  terms o f  productivity per un i t  of reactor volume per hour .6  
T h i s  i s  i l l u s t r a t e d  i n  Figure 4. 

Properties o f  the  d i s t i l l a t e  fuel products vary in a predictable manner 
but compositions vary over a l imited range. In a l l  c a s e s ,  t h e  
d i s t i l l a t e  fuel r ead i ly  surpasses EPA standards f o r  SO einission and 
alsomeets many of t h e  more s t inyent  requirements f o r  mijor metropolitan 
areas.  

Hydrogen consumption measurements a re  subjec t  t o  a r e l a t ive ly  high 
experimental e r ro r  but generally vary in a manner cons is ten t  with condi- 
t i on  var ia t ions  and f a l l  i n  t he  range of 4.0-4.5;: f o r  rulis with 
sa t i s f ac to ry  conversion of SRC t o  l i g h t e r  products. 
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A Dispersion Model f o r  the Solvent Refined Coal Process 

M. H. Lee, J. A. G u i n ,  and A. R. Tarrer  

Coal Conversion Laboratory 
Department of Chemical Engineering 
Auburn Univeristy 
Auburn, Alabama 36830 

In the  SRC process, pulverized coal i s  mixed w i t h  an in te rna l ly  generated 
coal-deri,ved solvent. 
preheated t o  780-85OoF through a gas-fired preheater connected t o  a dissolver  
section f o r  fur ther  react ion.  T h e  coal is depolymerized by thermal cracking 
and reacts w i t h  hydrogen t o  produce lower molecular weight mater ia ls .  A t  the  
same time some of  the s u l f u r  contained in  the coal reac ts  w i t h  hydrogen t o  
produce gaseous HpS which is then removed by standard technology. 

In t h i s  paper  an axial  dispersion model f o r  two-phase flow is applied t o  
study the kinet ics  of hydrogenation, desulfur izat ion,  and coal conversion i n  the  
SRC process. I n  applying the model, the Peclet number f o r  the preheater section 
i s  assumed t o  be i n f i n i t e ,  while the Peclet number f o r  the dissolver  will usually 
be around unity. Physically t h i s  means t h a t  the  dissolver  will experience a 
s ignif icant  amount of axial  dispersion. In applying the  dispers ion model t o  the 
SRC process, one needs t o  know reaction kinet ics  r a t e  expressions f o r  the 
pertinent react ions.  Considerable research has been conducted concerning the 
kinet ics  of coal solvat ion and su l fur  removal. Wen and Han (1975) have 
determined ra te  constants u s i n g  coal 1 iquefaction and desulfur izat ion data 
gathered primarily from s tudies  by Pittsburgh and Midway Coal M i n i n g  Co., the  
University of Utah, and the Colorado School of Mines. These researchers were 
ab le  t o  f i t  data from t h e  above sources w i t h  an empirical expression f o r  the 
r a t e  of coal dissolut ion;  
desulfurization and the e f f e c t  of hydrogen par t ia l  pressure on coal dissolut ion 
and sulfur  removal was not firmly established. I t  i s  l i k e l y  t h a t  the d i f fe ren t  
types of reactors  and experimental procedures employed i n  t h e  three  laborator ies  
made the data correlat ion more d i f f i c u l t .  Very recent ly  r a t e  expressions 
describing the hydrogen t ransfer  during. the coal dissolut ion and hydrodesul- 
fur izat ion were determined by Pi t ts  (1976). By performing batch autoclave 
experiments w i t h  Kentucky No. 9/14 coal, hydrogen gas, and creosote  o i l  a s  
solvent, he was able  t o  develop kinet ic  models f o r  r a t e s  of hydrogen consumption, 
coal dissolution and hydrodesulfurization. His r e s u l t s  can be summarized a s  
follows: 

The resulting s lur ry  and hydrogen gas a r e  pumped and 

however, no kinet ic  expression was obtained for  

A. For hydrogenation: (Guin, e t  al., 1976) 
k ,-m/RT 

‘Hp = - HpL C ~ 2 ~  

where kH2L = 1.06 x 105/minute and AH = 21 Kcal/mole 
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B. For hydrodesulfurization: (Guin, e t  a l . ,  1977) 

d i f fe ren t  c lasses  of more spec i f ic  compounds were proposed t o  represent 
hydrodesul fur iza t ion  kinet ics ,  they are: 

Two para l le l  independent f i r s t  order reactions indicat ive of two 

( 2 )  

(3)  rs2 = -k s2L c SpL 
where ks L = 5.939 x 1011 e-40.78 Kcal/RT 

1 
ks2L = 1.664 x 103 e-18.99 Kcal/RT 

and the i n i t i a l  concentration of two su l fur  species a re  
cslo = 1.53 10-3 grams organic sulfur/cm3 

o = 6.51 10-3 grams organic su1fur/crn3 
s2 

C. For coal dissolut ion:  

molecular hydrogen. The model assumed there  a re  two d i f fe ren t ly  react ive 
fract ions of coal present i n  the reaction mixture. 
formulated to  give two independent react ions,  they are: 

Coal l iquefact ion was described by a model incorporating dissolved 

The r a t e  equations were 

2 

2 
rc l  = - ~ C ~ L C C ~ L C H ~ L  (4 )  

rc2 = -kc2LCc2LCH2L ( 5 )  
0 

with i n i t i a l  ra t ion  of the react ive coal species given by =0.771 and 
C 2 O  

kclL = 3.269 106 e-4.01 Kcal/RT ( 6 )  

(7 )  kc2L = 6.988 x 1010 e-21.4 Kcal/RT 

with these ava i lab le  r a t e  expressions, one can now formulate the design 
equations f o r  the SRC reactor .  These equations will be presented below. 

For the preheater sect ion:  

dCSlL + L (1-f') I 
- 9 kSIL CS,L = O 

dX G I  L 
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wi th  the cond i t ions  a t  X = 0: 

For the Dissolver sect ion:  

1 -x1 - 
Pe,g 

1 -x1 - 
Pe,L 

1 -xl - 
Pe,L 

3 
Pe,L 

l-X1 

1 -xl 

- 
Pe,L 

- 
Pe .C 

2 
C C ~ L  C n 2 ~  

= CCYL 

= CC*L 
0 

I1 
kc aL + 

H2L 
C 
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w i t h  the  cond i t ions  a t  X = XI: 

and the  cond i t ions  a t  X = 1, 

(27 a&) 

where X - designates the  pos i t i on  j u s t  i ns ide  the e x i t  o f  the preheater and 
X1+ i s  the pos i t i on  j u s t  i ns ide  the i n l e t  o f  d issolver.  

Numerical So lu t ion  Technique 

f o r  the preheater and t rans fe r  l i n e  sec t ion  o f  SRC reac tor  can be in tegra ted  
numerically from X = 0 t o  X = X Once 
these equations are  solved, we i hen  proceed t o  solve the se t  o f  second order 
d i f f e r e n t i a l  design equations (15)-(20) f o r  the d isso lver  sec t ion  o f  the SRC 
reactor.  
a 4 th  order Runge-Kutta procedure. 
order d i f f e r e n t i a l  equations have t o  be transformed i n t o  a system o f  f i r s t  
order d i f f e r e n t i a l  equations. 
d i f f e r e n t i a l  equations from X = X 1  t o  X = 1, i t  i s  necessary t o  spec i fy  as 
many addi t ional  boundary condi t ions a t  X = X i  as there are cond i t ions  t o  be 
s a t i s f i e $  a t  X = 1, we need s i x  add i t iona l  condi t ions a t  X = X , namely 
cH2g ( X I  1, cH2L (x1+), cC1L (X I+) ,  cC2L (x i+ ) ,  cS1L (X I+) ,  a n i  cS2L (XI+). 

The set o f  f i r s t  order o rd inary  d i f f e r e n t i a l  design equations (8)-(13) 

using a Runge-Kutta 4 th  order method. 

Equations (15)-(20) can a lso  be in tegra ted  f r o m  X = X 1  t o  X = 1 using 
I n  performing the i n teg ra t i on ,  these second 

In order t o  i n teg ra te  the system o f  f i r s t  order 
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These values have t o  be guessed i n i t i a l l y  and successively adjusted to  s a t i s f y  
boundary conditions a t  X = 1. 
t h i s  adjustment. 

In some cases when some of the parameters appearing i n  the governing 
d i f fe ren t ia l  equations (8-13) and (15-20) become very la rge ,  these d i f fe ren t ia l  
equations may suf fer  from a d i f f i c u l t y  known as s t i f f n e s s  when numerical solut ion 
of the equations i s  attempted. In such'cases, the c lass ica l  f o u r t h  order 
Runge-Kutta integrat ion technique may f a i l  t o  in tegra te  the system of s t i f f  
equations due to  numerical i n s t a b i l i t y .  However, i t  has  been found t h a t  Gear's 
method (1971 a ,b)  i s  very, powerful for  solving s t i f f  d i f f e r e n t i a l  equations, and 
therefore ,  i t s  use i s  recomended when the fourth order Runge-Kutta integration 
technique f a i  1 s. 

The Newton-Raphson method is used t o  make 

Results and Conclusions 
In th i s  sect ion,  data  from the Wilsonville SRC p i l o t  plant wil l  be compared 

with resul ts  predicted u s i n g  the model proposed in this paper. The operating 
conditions and reac tor  configuration a t  Wilsonville wil l  be employed in the 
calculation of the ex ten t  of coal dissolut ion,  hydrodesulfurization and hydrogen 
consumption based on the present proposed model. 

the simulation: 
The following operat ing conditions and reactor  configuration were used in 

Coal Type Kentucky 9/14 mixture 
Hydrogen Pressure 1700 psig 
Dissolver Temperature 8200 F 
S1 urry Concentration 2 5% 
Coal Feed Rate 5001 b. / h r .  
Gas Feed Rate 11.7 sc f / lb .  of coal 
Hydrogen Concentration 85% 
Dissolver Diameter 12 in.  
Preheater Diameter 1% in. 
Transfer l i n e  Diameter 1% in.  
Preheater Volume* 1.6 f t . 3  
Transfer 1 i n e  Volume 
Dissolver Volume 18.0 f t .  
Mean Reaction Temperature of 

1.5 f t .33  

700° F Preheater and Transfer l i n e  

* The actual coal conversion reaction i s  i n i t i a t e d  i n  the  preheater co i l .  
The temperature i n  this co i l  increases from 1000 F t o  800° F. Since the r a t e  
of conversion below 600° F i s  expected to  be low, the  reaction volume fo r  the 
preheater was a r b i t r a r i l y  defined as  the volume of t h a t  portion o f  t h e  coi l  i n  
which the temperature exceeds 600' F. 

Based on the above conditions the following data can be obtained from 
l i t e r a t u r e  cor re la t ing  equations, which were needed in order t o  solve the design 
equations: 

Preheater/Transfer Line ,. Oi ssol ver 
GL 21.3 cm/sec !!L 0.335 cmfsec 

1.80 cm/sec 
23 f t .  

0.97 
4.66 
0.06 

;:a 5.53 x 10-2/sec 

102.7 cmisec "9 
253 f t  z2 

1.18 x los b e  ,L 
4.83 x lo2 Npelg 

% 
21 
Npe,L 
NPe,g 
f g 
kCa 

0.44 
3.57 x lo - l / sec  
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Preheater/Transfer Line (cont.) Dissolver (cont.) 
Henry’s g/cc of H? i n  vapor Henry‘s g/c.c of  H 2  i n  vapor 
‘Onstant 
a t  700oF 2’8 g/cc of HZ i n  l iqu id  at  ‘Onstant 8200F 2‘5 g/c.c o f  Hp i n  l i q u i d  

Several cases were studied i n  t h i s  paper, and the parameters chosen f o r  these 
a r e  l i s t e d  i n  Table 1. 
Case A: simulates the  Wilsonville SRC p i l o t  plant. The y ie ld  of coal dissolut ion 
Predicted by the  present proposed mode1.is 92% which is i n  good agreement with 
t h a t  measured under s imi la r  conditions i n  the Wilsonville p i l o t  plant .  The actual 
yield in the p i l o t  plant  was a l so  around 92%. 
Cases B & C: 
two cases the mass t ransfer  coef f ic ien ts  were chosen as  1/10 and 1/50 o f  t h a t  o f  
Case A. The coal dissolut ion i s  reduced from 92% f o r  Case A t o  90.7% f o r  Case B 
and t o  85.5% f o r  Case C. The reason f o r  th i s  i s  obvious because f o r  the  lower 
mass t ransfer  coef f ic ien t ,  kca, the  dissolved hydrogen concentration i n  the 
solvent will a l s o  be lowered. Since the coal dissolut ion r a t e  depends on t h e  
second power of the dissolved hydrogen concentration as can be seen from eqs. 
( 4 )  and (51, the  reduction i n  coal dissolut ion i s  expected. 
reduction of the hydrogen mass t ransfer  coef f ic ien t  does n o t  e f f e c t  t h e  extent  
of hydrodesulfurization, because the  desulfur izat ion r a t e  does not depend on the 
dissolved hydrogen concentration (eqs. 2 and 3). 
Cases D & E: inves t iga te  t h e  e f f e c t  o f  Peclet number i n  the d isso lver  sect ion 
on the yield of coal dissolut ion,  hydrodesulfurization and hydrogen consumption. 
For a given reac tor  and given operating conditions, there  wil l  be a corresponding 
Peclet number. The higher the  value of  the Peclet number, the c loser  a plug flow 
condition will be approached; the lower the value of the  Peclet number, the 
closer  the well-mixed condition wi l l  be approached. 
the  intermediate range, say, 0.1 < N p e . <  20, then nei ther  of the  above mentioned 
idealized s i tua t ions  obtains. In th i s  intermediate region, the  ax ia l  dispersion 
model may be used. In general, the y ie ld  f o r  a reactor  with h i g h e r  Peclet 
number is higher than t h a t  w i t h  lower Peclet number. 
Cases D & E where both the  gas phase and l iquid phase Peclet number i n  the 
dissolver sect ion were chosen as 0.1, and the  mass t ransfer  coef f ic ien ts  were 
chosen respectively a s  equal t o  Cases A and C. The coal l iquefact ion y i e l d  f o r  
Case D i s  89.1%, which i s  about 2.9% lower than t h a t  f o r  Case A; f o r  Case E t h e  
coal dissolution i s  82%, which shows a 3.5% decrease compared t o  Case C. The 
Peclet numbers f o r  both Cases A & C a r e  N 
the  above comparisons, we see t h a t  the e f k k  of Peclet  numb& on coal dissolution 
becomes more s igni f icant  when the  mass t ransfer  coef f ic ien t  i s  low. 

show the hydrogen concentration prof i le  in the  vapor phase and l iqu id  phase, 
respectively, along the  reactor. 
prof i les  are  shown i n  Fig. 3,  and a l so  shown in  Fig. 4 i s  the  organic su?fur 
concentration, cs = The y ie lds  of coal l iquefact ion,  
hydrodesulfurization and hydrogen consumption r a t e  f o r  Cases A t o  E a r e  a l so  
tabulated in Table 2. 

coefficient was twice and ten times t h a t  of Case A were a l so  simulated. The 
resu l t s  showed t h a t  the  hydrogen consumption and coal dissolut ion were n o t  
s ignif icant ly  d i f f e r e n t  from Case A.  
pi lo t  plant i s  a l ready operating i n  a k ine t ica l ly  limited regime and tha t  mass 

inves t iga te  the  e f f e c t  o f  mass t ransfer  on the SRC process. In these 

However, the  

I f  the Peclet  number i s  i n  

This can be seen from 

= 0.97 and Npe = 4.66. From 

The detai led concentration prof i les  a r e  given i n  Figs. 1-4. Figs. 1 and 2 

The coal concentration, cc = + c~ L ,  

t C s 2 L ,  p rof i les .  

In addition t o  the above f i v e  cases, cases f o r  which the  mass t r a n s f e r  

T h i s  implies t h a t  the Wilsonville SRC 
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t ransfer  i s  not the r a t e  control l ing s tep .  
Figs. 1-4 because they were essent ia l ly  indis t inguishable  from Case A. 
r e s u l t  i s  reasonable, s ince  no external c a t a l y s t ,  o ther  than the natural ly  
occuring coal mineral mat ter ,  is present i n  the SRC reactor .  I t  i s  known, 
however, t h a t  coal minerals can and do catalyze both hydrogenation and desul- 
fur izat ion react ions i n  the SRC process (Henley, e t  a l ,  1976; Prather ,  et a l ,  
1976; G u i n ,  e t  a l ,  1977). Under operating conditions near those of Case A 
studied here, the organic  s u l f u r  removal and the  hydrogen consumption a t  the  
Wilsonville SRC p i l o t  p lan t  averaged around 50% and 2% based on. weight of maf 
coal feed, respect ively.  As observed from Table 2, the corresponding values 
from the model a r e  about 50% lower than those determined experimentally in the 
Wilsonville SRC p i l o t  p lan t  under apparently s imi la r  operating conditions. 
There are two reasonable explanations f o r  th i s  deviat ion.  First, i t  should be 
noted t h a t  i n  the present model the hydrogen consumption only includes the 
actual amount of hydrogen chemically reac t ing  i n  the  preheater and dissolver ,  
i . e . ,  no other  losses  such as  from f lash  systems, waste vents, imcomplete 
separations, leaks,  e t c . ,  a r e  included. 
i t  has  been observed t h a t  because of the  vejy low upward l iquid veloci ty ,  an 
accumulation of coal mineral matter occurs i n  the  Wilsonville SRC reactor. 
T h i s  would cause increased desulfur izat ion and hydrogenation because of the 
ca ta ly t ic  nature of these minerals. Recent lower hydrogen consumption with an 
i n i t i a l l y  clean reac tor  a t  Wilsonville tends t o  ver i fy  t h i s  l a t t e r  resu l t .  
Also i t  has recent ly  been shown (Guin, e t  a l ,  1977). t h a t  the  addition of i r o n  
compounds, predominant i n  coal minerals, can increase the  extent of organic 
sulfur removal by around 100%. Final ly ,  i t  should be noted t h a t  the  kinet ics  
r a t e  expressionsusedherein a r e  s t r i c t l y  val id  only f o r  the Kentucky 9/14 coal 
with a creosote o i l  solvent .  For other  coals  and solvents ,  d i f fe ren t  r a t e  
expressions would be required f o r  the most accurate  resu l t s .  

CONCLUSIONS 
I. The mixing and flow pat tern of the multi-phase reactor  is taken into account 

through the axial  dispers ion t.erm, w h i c h  has not been previously uti1 ized 
f o r  the SRC reactor  modeling, 

2. The mass t r a n s f e r  of  hydrogen from the gas phase i n t o  the l iqu id  phase is  
a l s o  accounted for i n  the  model, the  e f f e c t  of hydrogen mass t ransfer  r a t e  
on the hydrogen consumption and coal d i sso lu t ion  r a t e  can be eas i ly  simulated; 
and the influence and ex ten t  of mass t r a n s f e r  control can be assessed. In 
par t icular ,  the Wilsonville SRC reactor  is found t o  operate i n  a k ine t ica l ly ,  
ra ther  than a mass t r a n s f e r  limited regime. 

from l i t e r a t u r e  cor re la t ion ;  these parameters have def in i te  physical 
meanings based upon t h e  flow conditions, therefore ,  by changing the r e l a t i v e  
magnitude of  each parameter, the general trend of the ef fec t  of each operating 
variable on the SRC process can be assessed,  thus providing a be t te r  engineering 
design basis  f o r  simulation and optimization of  the SRC process. 

4. The hydrogen consumption and organic s u l f u r  removal a t  the Wilsonville SRC 
p i l o t  plant  are higher than predicted by the present model, which uses kinet ics  
r a t e  expressions from laboratory experiments. T h i s  i s  probably due t o  the  
accumulation of  c a t a l y t i c  coal minerals i n  the  Wilsonville reac tor ,  giving 
higher r a t e  constants .  

These two cases were not plot ted on 
This 

Se ondly and perhaps more importantly, 

3.  A l l  of the  parameters a r i s i n g  i n  t h e  model a r e  obtainable independently 
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r;a volu:.r:ric l i c u i d  pkase ~ s s  t r a n s f e r  c c i e i i i c i t n t  
z coordir.a:e i n  :h? a x i a l  d i r r c t i o n  

Hhnry‘s  1 z x  c x s t c n t  o f  hydrogen i n  c r e o s o t e  o i l  
f e e d  conct.ntr?:ion of coei;l jntnt  i i n  phase J HO 

t o t a l  i e n o t h  of  r F a c t o r ,  L = 2 + 2 Llj 
= c .  . / (ZIPr)  d i n i n s i c n l e s s  conten:r%tion f o r  i:h co:?onent i n  t h e  

C .  

C.. 

C . .  c o n c e n t r a t i o n  o f  cozponent  i i n  t h e  j p k s e  
C;J r e f e r e n c e  cordcei.:ration 

’J J’JrC2SB. 
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CONTINUOUS LIQUEFACTION O F  LIGNITE I N  A 
PROCESS DEVELOPhlENT UNIT 

D o n a l d  E .  S e v e r s o n ,  A .  Max S o u b y  a n d  Gene  G .  B a k e r  

C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  U n i v e r s i t y  o f  N o r t h  D a k o t a  
G r a n d  F o r k s ,  N o r t h  D a k o t a  5 8 2 0 2  

INTRODUCTION 

T h e  d e c l i n e  i n  d o m e s t i c  p r o d u c t i o n  a n d  r e s e r v e s  of p e t r o l e u m  
a n d  n a t u r a l  g a s  h a s  h i g h l i g h t e d  t h e  n e c e s s i t y  of s u p p l e m e n t a l  
s o u r c e s .  P r e s e n t l y  n e a r l y  50 p e r c e n t  of o u r  p e t r o l e u m  r e c i u i r e i n e n t s  
are  i m p o r t e d ,  a s i t u a t i o n  w h i c h  is e c o n o m i c a l l y  a n d  p o l i t i c a l l y  
d a n g e r o u s .  A major s o u r c e  of r e p l a c e m e n t  e n e r g y  is o u r  a b u n d a n t  
coal r e s e r v e s .  Direct u t i l i z a t i o n  o f  most coa l s  is e n v i r o n m e n t a l l y  
u n a c c e p t a b l e ,  a n d  i n  many a p p l i c a t i o n s  t h e  s o l i d  f o r m  is n o t  
s u i t a b l e  f o r  u s e  a n d  l i q u i d  o r  g a s e o u s  p h a s e s  a re  r e q u i r e d .  

C o n v e r s i o n  o f  coal t o  l i q u i d  o r  g a s e o u s  f u e l s  c a n  be 
a c c o m p l i s h e d  b y  h y d r o g e n a t i o n  t o  i n c r e a s e  t h e  H t o  C r a t i o .  
Direct l i q u e f a c t i o n  from coal w i t h o u t  g a s i f i c a t i o n  a n d  s y n t h e s i s  
s t e p s  al lows r e d u c e d  h y d r o g e n  r e q u i r e m e n t s ,  f e w e r  p r o c e s s  s t e p s ,  
a n d  c o n s e q u e n t l y ,  lower costs . . l  Ash a n d  s u l f u r  c o n t e n t s  c a n  be 
r e d u c e d  a n d  h e a t i n g  v a l u e  p e r  u n i t  w e i g h t  i n c r e a s e d .  A l o w  
p o l l u t i n g  s o l v e n t  r e f i n e d  coal o r  s y n t h e t i c  f u e l  o i l  c o u l d  b e  
u s e d  i n  s t a t i o n a r y  power  g e n e r a t i n g  f a c i l i t i e s .  L i q u i d  f u e l s  
s u i t a b l e  f o r  u s e  i n  m o b i l e  t r a n s p o r t a t i o n  c a n  b e  p r o d u c e d  b y  
a d d i t i o n e l  h y d r o g e n a t i o n .  

Many h y d r o g e n a t i o n - l i q u e f a c t i o n  p r o c e s s e s  h a v e  b e e n  p r o p o s e d  
f o r  c o a l .  Most s u p p o r t e d  r e s e a r c h  o n  l i q u e f a c t i o n  h a s  h e e n  
d i r e c t e d  t o w a r d  h i g h  r a n k  coal a n d  h a s  b e e n  s u m m a r i z e d  b y  
Friedma.11 e t  a l l .  
o f  low r a n k  coa ls  i s  t h e  u s e  o f  c a r b o n  m o n o x i d e  i n  t h e  p r e s e n c e  
of a h y d r o g e n  d o n o r  s o l v e n t . 2  
low r a n k  coal is more e f f e c t i v e  t h a n  a d d e d  m o i s t u r e .  S y n t h e s i s  
g a s  ( H 2  a n d  CO) a l s o  g i v e s  h i g h  c o n v e r s i o n  a n d  is less e x p e n s i v e  
t h a n  e i t h e r  p u r e  c a r b o n  m o n o x i d e  o r  h y d r o g e n .  A l t h o u g h  n a t u r a l l y  
o c c u r r i n g  a s h  c o n s t i t u e n t s  i n  t h e  l i g n i t e  are known water g a s  
s h i f t  r e a c t i o n  c a t a l y s t s ,  t h e  c o n t r i b u t i o n  o f  c a r b o n  m o n o x i d e  
seems t o  be more c o m p l e x  t h a n  t h i s  a n d  i s  a s h  ~ a t a l y z e d . ~  
m o n o x i d e  a p p e a r s  t o  b e  e f f e c t i v e  b e c a u s e  of r e m o v a l  of a s o u r c e  
of cross l i n k a g e  r a t h e r  t h a n  b y  b o n d  c l e a v a g e .  

A m o d i f i c a t i o n  a p p r o p r i a t e  f o r  h y d r o g e n a t i o n  

N a t u r a l  m o i s t u r e  c o n t e n t  i n  t h e  

C a r b o n  

I n i t i a l  \vorIc on l i q u e f a c t i o n  o f  l i g n i t e  a t  t . h e  U n i v e r s i t y  0 . f  
N o r t h  D a k o t a  w a s  b a t c h  a u t o c l a v e  t e s t s  u n d e r  s p o n s o r s h i p  o f  t h e  
B u r l i n g t o n  N o r t h e r n  R a i l r o a d .  A m a j o r  e x p a n s i o n  o c c u r r e d  i n  
1972 when a f i v e  y e a r ,  r e s e a r c h  c o n t r a c t  was s i g n e d  w i t h  t h e  
U.S.  O f f i c e  of C o a l  R e s e a r c h  (now t h e  E n e r g y  R e s e a r c h  a n d  D e v e l o p m e n t  
A d m i n i s t r a t i o n ) .  E x t e n s i o n  of t h e  c o n t r a c t  i s  b e i n g  n e g o t i a t e d .  
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T h e  p r e s e n t  p a p e r  r e v i e w s  t h e  opern1: ion o f  a 0 . G  ton/d: iy  
PI-ocess d e v e l o p m e n t  u n i t :  (PDU) lor con t i inuous  1 i q i i e f : i c t i o n  o f  
l i g n i t e  a t  1500-2500 p s i g  and  700-950oF i n  a n  a t m o s p h e r e  01 
s y n t h e s i s  gas i n  t h e  p r e s e n c e  o f  a hydrogen  d o n o r  s o l v e n t .  
S o l v e n t  r e c o v e r y  a n d  s o l v e n t  r e c y c l e  c n p a b i l  i t i e s  are p r o v i d e d  
a s  well as p r o c e s s  gas c l e a n  u p  a n d  r e c y c l e .  A s h  i s  reiiioved 
by d i l u t i o n  of  vacuum f l a s h  b o t t o m s  w i t h  toluene Eo1 lowed by 
s e t t l i n g  t o  remove  a s h  a n d  u n r e a c t e d  1 i g n i t e .  The  d e a s h c d  
s o l v e n t  r e f i n e d  l i g n i t e  ( S R L )  i s  r e c o v e r e d  b y  d i s t i l l j . n g  t h e  
t o l u e n e  f o r  r e c y c l e  f r o m  t h e  e x t r a c t .  The  SRL,  a s o l i d  a t  
room t e m p e r a t u r e ,  is low i n  a s h ,  h a s  a r e d u c e d  s u l l u r  c o n t e n t ,  
a h i g h  c a l o r i f i c  va l .ue ,  and  wou ld  b e  e n v i r o n m e n t a l l y  a c c c p t a b l  e 
f o r  p a r t i c u l a t e  a n d  SO, e m i s s i o n s  upon c o m b u s t i o n .  

H y d r o g e n a t i n g  s u f f i c i e n t l y  t o  p r o d u c e  SRL a t  h i g h  c o n v e r s i o n  
c a n  b e  d o n e  i n  a n  a t m o s p h e r e  of s y n t h e s i s  gas b y  making  use of 
t h e  n a t u r a l  c a t a l y s t  a c t i v i t y  o f  t h e  l i g n i t e  w i t h o u t  t h e  use 
of v e r y  h i g h  p r e s s u r e s .  The  SRL i,s a s u p e r i o r  raw ma te r i a l  f o r  
a d d i t i o n a l  h y d r o g e n a t i o n  t o  l i q u i d s  f o r  f u e l s  o r  as a s o u r c e  o f  
0 r g a n i . c  c h e m i c a l s .  W h i l e  t h e  n a t u r a l  c a t a l y t i c  a c t i . v i t g  f a v o r s  
i n i t i a l  h y d r o g e n a t i o n  s o l u t i o n ,  i n c r e a s e d  h g d r o g e n a t  i o n  c a n  b e  
b e t t e r  a c c o m p l i s h e d  u s i n g  a s p e c i f i c  h y d r o g e n a t i o n  c a t a l y s t .  
Removal o f  a s h  c o n s t i t u e n t s  w h i c h  c o u l d  p o i s o n  t h e  h y d r o g e n a t i o n  
ca ta lys t  makes t h e  c o n c e p t  of two s t a g e  h y d r o g e n a t i o n  a t t r a c t i v e  
i n  t h a t  b o t h  s t e p s  c a n  be o p t i m i z e d  a n d  more e f f e c t i v e  o v e r a l l  
h y d r o g e n a t i o n  c a n  be a c h i e v e d .  

PROCESS DEVELOPE'IENT UNIT 

The P ro jec t  L i g n i t e  P r o c e s s  Development  U n i t  h a s  a nomina l  
d e s i g n  c a p a c i t y  o f  50  p o u n d s  o f  raw l i g n i t e  f e e d  p e r  h o u r  and  
p r o d u c e s  a p p r o x i m a t e l y  1 5  p o u n d s  p e r  h o u r  of s o l v e n t  r e f i n e d  
l i g n i t e  ( S R L )  w i t h  a m e l t i n g  p o i n t  o f  300-4000F as w e l l  as 
a d d i t i o n a l  q u a n t i t i e s  o f  l i g h t e r  l i q u i d s  a n d  g a s e s .  

P u l v e r i z e d  l i g n i t e  o f  f u l l  m o i s t u r e  c o n t e n t  i s  s l u r r i e d  
w i t h  s o l v e n t .  T h e  s l u r r y  is p r e s s u r i z e d ,  p r e h e a t e d  and  r e a c t e d  
a t  s e l . e c t e d  t e m p e r a t u r e  a n d  p r e s s u r e  i n  a r e d u c i n g  g a s  a t m o s p h e r e .  
The  p r o d u c t s  a re  t h e n  s e p a r a t e d  as. gases, l i q u i d s ,  a n d  S R L  f rom 
t h e  u n r e a c t e d  coal a n d  m i n e r a l  matter. A s i m p l i f i e d  b l o c k  
f l o w s h e e t  of t h e  p r o c e s s  i s  p r e s e n t e d  i n  F i g u r e  1. 

A s r e c e i v e d  l i g n i t e  i s  f i r s t  s p l i t  i n t o  r e p r e s e n t a t i v e  s a m p l e s  
u s i n g  a r a i l  car-s ize  s a m p l e  s p l i t t e r  a n d  s t o r e d  i n  n i t r o g e n -  
p u r g e d  b i n s  u n t i l  n e e d e d .  The  l i g n i t e  i s  c r u s h e d  a n d  p u l v e r i z e d  
t o  100 p e r c e n t  p a s s i n g  60 mesh a n d  90 p e r c e n t  p a s s i n g  200 mesh 
T y l e r  s c r e e n s .  A f t e r  p u l v e r i z a t i o n ,  t h e  1 i g n i t e  is s t o r e d  i i i  
5 5 - g a l l o n  d rums  p r i o r  t o  s l u r r y  p r e p a r a t i o n .  

The  p u l v e r i z e d  l i g n i t e  is b l e n d e d  i n  a s l u r r y  m i x i n g  t a n k  

I' 
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w i t h  r e c y c l e  l i q u e f a c t i o n  s o l v e n t .  For  s t a r t u p ,  a p e t r o l e u m -  
d e r i v e d  s o l v e n t  h a v i n g  a b o i l i n g  r a n g e  o f  212O t o  446OF a t  
1 . 6  mm Hg a b s o l u t e  i s  u s e d .  The s l u r r y  i s  c o n t i n u o u s l y  pumped 
t h r o u g h  a r e c i r c u l a t i n g  loop t o  m a i n t a i n  s u s p e n s i o n .  A s i d e  
stream is pumped t o  h i g h  p r e s s u r e ,  mixed w i t h  h y d r o g e n  a n d / o r  
c a r b o n  monoxide g a s ,  a n d  is h e a t e d  t o  r e a c t i o n  t e m p e r a t u r e  i n  an  
e l e c t r i c a l l y  h e a t e d ,  f l u i d i z e d - s o l i d s  p r e h e a t e r .  Most o p e r a t i o n s  
are i n  t h e  r a n g e  o f  70O0F t o  8500F a t  1500-2500 p s i .  Upon 
l e a v i n g  t h e  p r e h e a t e r  , t h e  m i x t u r e  e n t e r s  t h e  d i s s o l v e r s  ( R - 1 A  
a n d  R-lB) where  r e a c t i o n  t e m p e r a t u r e s  are  m a i n t a i n e d  a n d  s u f f i c i e n t  
r e s i d e n c e  time p r o v i d e d  f o r  s o l v a t i o n .  The  t w o  d i s s o l v e r s  c a n  b e  
u s e d  i n  series o r  s e p a r a t e l y .  O p e r a t i o n s  a r e  u s u a l l y  w i t h  a 
s i n g l e  d i s s o l v e r .  The u n d i s s o l v e d  m a t e r i a l  c o n s i s t s  of u n r e a c t e d  
l i g n i t e  a n d  i n o r g a n i c  m i n e r a l  m a t t e r .  Upon l e a v i n g  t h e  d i s s o l . v e r s ,  
t h e  n o n - c o n d e n s a b l e  g a s e s  a n d  l i g h t  h y d r o c a r b o n  v a p o r s  a r e  s e p a r a t e d  
f rom t h e  s l u r r y  i n  a se r ies  o f  f i v e  s e p a r a t i o n  v e s s e l s  i n  w h i c h  
p r e s s u r e  a n d  t e m p e r a t u r e  a r e  d e c r e a s e d  i n  s t a g e s .  

The PDU is d e s i g n e d  so t h a t  s o l v e n t  c a n  b e  r e c y c l e d  w i t h o u t  
o p e r a t i n g  t h e  s o l i d - l i q u i d  s e p a r a t i o n  a r e a .  I n  t h i s  mode o f  
o p e r a t i o n ,  t h e  s l u r r y  a f t e r  g a s  s e p a r a t i o n  a n d  p r e s s u r e  l e t d o w n  
i s  h e a t e d  t o  a p p r o x i m a t e l y  600°F i n  a Dowtherm p r e h e a t e r  f o l l o w e d  
by vacuum f l a s h  d i s t i l l a t i o n .  V o l a t i l e  l i q u i d s  a n d  s o l v e n t  a re  
s e p a r a t e d  from t h e  vacuum b o t t o m s  w h i c h  c o n t a i n  t h e  m i n e r a l  
r e s i d u e ,  u n d i s s o l v e d  l i g n i t e  and  s o l v e n t  r e f i n e d  l i g n i t e .  The 
o v e r h e a d  s t r e a m  is c o n d e n s e d ,  combined w i t h  a n o t h e r  l i g h t  l i q u i d  
stream from t h e  p r i m a r y  s e p a r a t o r s ,  and  f e d  t o  a s e c o n d  Dowtherm 
p r e h e a t e r  p r e c e d i n g  t h e  main  s o l v e n t  r e c o v e r y  f r a c t i o n a t o r s .  
I n  t h e  f r a c t i o n a t o r ,  l i g h t  e n d s ,  l i q u e f a c t i o n  s o l v e n t  and  h e a v y  
e n d s  a r e  s e p a r a t e d .  The  l i q u e f a c t i o n  s o l v e n t  is r e c y c l e d .  

The n o n - c o n d e n s a b l e  g a s e s  from t h e  p r i m a r y  h i g h  p r e s s u r e  
s e p a r a t o r s  a r e  c h a n n e l l e d  t h r o u g h  t h e  g a s  r e c o v e r y  a rea ;  c a r b o n  
d i o x i d e  a n d  hydrogen  s u l . f i d e  are removed,  and  a p o r t i o n  o f  t h e  
hydrogen  a n d  c a r b o n  monoxide  g a s  is r e c y c l e d .  

When t h e  s o l i d - l i q u i d  s e p a r a t i o n  s y s t e m  i s  i n  u s e ,  a n  i n i t i a l  
p a r t i a l  vacuum f l a s h  v e s s e l  (F-0)  is u s e d  t o  remove p a r t  of t h e  
l i q u e f a c t i o n  s o l v e n t  froin t h e  s e p a r a t o r  e f f l u e n t  . The b o t t o m s  
are  pumped t o  a m i x i n g - s u r g e  v e s s e l  and  mixed w i t h  t o l u e n e  
(2:l by v o l u m e ) .  The  m i x t u r e  is pumped t o  a g r a v i t y  s e t t l i n g  
tonier  ( V - 8 )  o p e r a t i n g  a b o v e  t h e  c r i t i c a l  p r e s s u r e  b u t  s l i g h t l y  
be low t h e  c r i t i c a l  t e m p e r n t u r e  o f  t o l u e n e .  A d d i t i o n a l  wash 
t o l u e n e  is f e d  c o u n t e r - c u r i ' e n t l y  t o  t h e  d i r e c t i o n  o f  s e t t l i n g .  
T h e  d i s s o l v e d  S R L ,  t h e  r e m a i n d e r  of t h e  l i q u e f a c t i o n  so1 .vent  a n d  
t o l u e n e  a r e  w i t h d r a w n  f rom t h e  t o p  o f  t h e  se t t le r  and p a s s e d  
i n t o  a vc?sse l  (17-9) i n  w h i c h  t h e  t o l u e n e  is removed by f l a s h  
d j s t i l l a t i o n .  The t o l u e n e  i s  r e c . y c l e d  and t h e  SRL p l u s  l i q u e f a c t i o n  
s o l v e n t  r e c o v e r e d .  The SRL s o l v e n t  s t r e a m  is p a s s e d  t h r o u g h  
Dowtherm p r e h e a t e r  E - l l  and  i n t o  t h e  vacuum f l a s h  drum F-1. 
The SRL is r e c o v e r e d  a s  t h e  b o t t o m s  froin t h i s  v e s s e l  a n d  t h e  
overhend l i q u e f a c t i o n  s o l v e n t  s t r e a m  is  combined  w i t h  t h e  p a r t i a l  
f l a s h  (F -0 )  o v e r h e a d  as f e e d  t o  t h e  l i g h t  e n d s  column ( F - 2 ) .  The 
F-2 b o t t o m s  are s e n t  b a c k  t o  t h e  s l u r r y  mix t a n k  as  r e c y c l e  s o l v e n t .  
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TYPICAL OPERATING CONDITIONS AND RESULTS 

D u r i n g  s t e a d y  o p e r a t i o n  o f  t h e  PDU, w h i c h  is n o r m a l l y  
o p e r a t e d  c o n t i n u o u s l y  €or a f i v e - d a y  week,  m a t e r i a l  b a l a n c e s  are  
made o v e r  y i e l d  p e r i o d s  of t w e l v e  h o u r s  d u r a t i o n .  F r e s h  c o n t a i n e r s  
are u s e d  f o r  t h e  p r o d u c t s  d u r i n g  a y i e l d  p e r i o d ,  and s a m p l e s  
a n d  o p e r a t i n g  da ta  a re  c o l l e c t e d  t h r o u g h o u t  t h e  p e r i o d .  

I n  t h e  f o l l o w i n g  d i s c u s s i o n s ,  material  b a l a n c e  a n d  y i e l d  
d a t a  a r e  p r e s e n t e d  f o r  Run P e r i o d  hl-17A, f l o w s  b e i n g  e x p r e s s e d  
i n  pounds  p e r  h o u r  a v e r a g e d  o v e r  t h e  t w e l v e  h o u r  y i e l d  p e r i o d .  
T e s t  c o n d i t i o n s  fo r  t h i s  r u n  are c l o s e  t o  t h e  optimum o b t a i n e d  
t h u s  f a r .  The s o l i d - l i q u i d  s e p a r a t i o n  u n i t  u s i n g  t o l u e n e  as 
d e a s h i n g  s o l v e n t  w a s  a l so  i n  o p e r a t i o n  d u r i n g  t h i s  r u n .  

O p e r a t i n g  r a t e s  a n d  s t r e a m  r a t i o s  are g i v e n  i n  T a b l e  1. 
L i g n i t e  a t  4 5  l b / h r  w a s  s l u r r i e d  w i t h  81 l b / h r  r e c y c l e  s o l v e n t  and  
mixed  w i t h  5 3 1  SCFII o f  f e e d  g a s  c o n t a i n i n g  7 6  p e r c e n t  h y d r o g e n  
a n d  24 p e r c e n t  c a r b o n  monoxide .  I n  t h e  s o l i d - l i q u i d  s e p a r a t i o n s  
area,  112 l b / h r  o f  t o l u e n e  w a s  u s e d  t o  e x t r a c t  p r o d u c t  SRL a n d  
l i q u e f a c t i o n  s o l v e n t  f r o m  u n c o n v e r t e d  s o l i d s .  

O p e r a t i n g  t e m p e r a t u r e s  a n d  p r e s s u r e s  f o r  v a r i o u s  p r o c e s s  
v e s s e l s ,  i d e n t i f i e d  a s  c o d e d  i n  t h e  f l o w  s h e e t  ( F i g u r e  l), are 
p r e s e n t e d  i n  T a b l e  2 .  O p e r a t i n g  p r e s s u r e  i n  p r e h e a t e r  and  
d i s s o l v e r  was  2500 p s i g ,  a n d  s l u r r y  l e f t  t h e  p r e h e a t e r  a t  747OF 
and  r e a c h e d  8020F i n  t h e  d i s s o l v e r .  T h e r e  is  u s u a l l y  a 50 t o  100°F 
t e m p e r a t u r e  r i s e  i n  t h e  d i s s o l v e r  due  t o  t h e  e x o t h e r m i c  o v e r a l l  
r e a c t i o n .  A s i n g l e  r e a c t o r  (R-1A) h a v i n g  a r e a c t i o n  volume of 
1 . 4 2  cu f t  w a s  u s e d .  I n  a s h  s e p a r a t i o n ,  t h e  t o l u e n e  s e t t l i n g  
tower was o p e r a t e d  a t  3780F a n d  300  p s i g ,  a n d  t h e  vacuum f l a s h  
u n i t  m a i n t a i n e d  a t  626'F a n d  15 T o r r .  

S o u r c e  a n d  c h a r a c t e r i s t i c s  of l i g n i t e ,  r e a c t i n g  g a s e s  a n d  
s t a r t i n g  s o l v e n t  a r e  g i v e n  i n  T a b l e  3 .  The l i g n i t e  was c h a r g e d  
a t  3 1 . 5  p e r c e n t  m o i s t u r e .  The as -mined  m o i s t u r e  was p r o b a b l y  
a r o u n d  37 p e r c e n t ,  a n d  t r a n s p o r t a t i o n ,  c r u s h i n g  and  h a n d l i n g  were 
d o n e  i n  s u c h  a way a s  t o  m i n i m i z e  m o i s t u r e  loss. F e e d  gas was 
s u p p l i e d  f rom t a n k  t ra i le rs  of p u r e h y d r o g e n  and  c a r b o n  monoxide  
a n d  mixed j u s t  b e f o r e  e n t e r i n g  t h e  c o m p r e s s o r .  The s t a r t u p  s o l v e n t  
w a s  Gul f  FS-120,  a p e t r o l e u m  d e r i v e d  c a t a l y t i c  c r a c k e r  r e c y c l e  
s t o c k .  Compar ison  of  i t s  b o i l i n g  r a n g e s  f r a c t i o n s  wit.h t h o s e  of 
recYcle s o l v e n t  d u r i n g  t h e  r u n  shows a t e n d e n c y  of t h e  s o l v e n t  t o  
l i g h t e n  on c o n t i n u e d  r e c y c l e .  

The gross i n p u t  a n d  o u t p u t  ma te r i a l  b a l a n c e s  are  shown i n  
F i g u r e  2 ,  i n  w h i c h  t h e  m a g n i t u d e  01 t h e  t w o  recycle streams a r e  
compared w i t h  t h e  c o a l  and gas p r o c e s s e d .  For e a c h  pound of 
i n p u t  l i g n i t e ,  0 . 2 6  l b  of s g n g a s ,  1 . 8  lb o f  l i q u e f a c t i o n  s o l v e n t  
a n d  2 . 5  l b  o f  t o l u e n e  d e a s h i n g  so1 .vent  were c i r c u l a t e d .  
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The n e t  material  b a l a n c e  b a s e d  on l i g n i t e  a n d  s y n g a s  Ped  
i.s shown i n  F i g u r e  3 .  I n  t h i s  r u n ,  per 1 0 0  p o u n d s  o f  AIAF l i g n i t e  
c h a r g e d ,  54 p o u n d s  of  SRL a n d  13 p o u n d s  of l i g h t  o r g a n i c  l i q u i d s  
were p r o d u c e d .  

T a b l e  4 g i v e s  n e t  y i e l d s  of p r o d u c t s  b o t h  i n  l b / h r  a n d  i n  
lb/100 p o u n d s  AlAF l i g n i t e .  T h e r e  is a n e t  c o n s u m p t i o n  of 5 . 9  
p e r c e n t  01 water, a n d  6 7 . 3  p e r c e n t  o f  t h e  hlAF l i g n i t e  is c o n v e r t e d  
t o  SRL and  l i g h t  o r g a n i c  l i q u i d s .  C o n v e r s i o n  was 8 9 . 4  p e r c e n t  
a l t h o u g h  c o n v e r s i o n s  as h i g h  as  95 p e r c e n t  h a v e  b e e n  o b t a i n e d  
i n  some r u n s .  

T a b l e  5 p r e s e n t s  gas amoun t s  i n  a n d  o u t  as volunle p e r c e n t  
g a s  c o m p o s i t i o n  a n d  as l b / h r .  Note  t h a t  38 p e r c e n t  o f  t h e  
e n t e r i n g  CO was consumed as compared  t o  o n l y  14 p e r c e n t  o f  t h e  
e n t e r i n g  h y d r o g e n ,  a n d  t h a t  0 . 6 7  moles  of C 0 2  a p p e a r  i n  t h e  
e x i t  g a s  p e r  mole o f  CO c h a r g e d ,  or 1 . 7 7  moles of C02 p e r  mole 
of CO consumed.  

Some of t h e  c h a r a c t e r i s t i c s  of t h e  p r o d u c t  SRI, a re  g i v e n  
i n  T a b l e  6 .  I n  Run 17-A, f l o w  r a t e s  were s a t i s f a c t o r y  i n  t h e  
s o l i d - l i q u i d  s e p a r a t i o n s  s y s t e m ,  b u t  problems w i t h  t h e  s o l i d s  
r e m o v a l  s y s t e m  i n  t h e  s e t t l i n g  t o w e r  V-8 p r e v e n t e d  r e m o v a l  of 
t h e  u n c o n v e r t e d  coal a n d  m i n e r a l  m a t t e r ,  wh ich  t h e r e f o r e  c a r r i e d  
over  t o  some e x t e n t  i n t o  t h e  SRL p r o d u c t .  T h u s  i n  T a b l e  G a c t u a l  
vacuum bot toms c o m p o s i t i o n  a n d  p r o p e r t i e s  a r e  shown, a l o n g  w i t h  
t h e  a n a l y s e s  t h a t  would  h a v e  b e e n  o b t a i n e d  h a d  t h e  s o l i d s  b e e n  
p r o p e r l y  removed.  

U l t i m a t e  a n a l y s i s  of l i g n i t e ,  s t a r t i n g  a n d  r e c y c l e  s o l v e n t , ,  
a n d  SRL p r o d u c t  are shown i n  T a b l e  7 .  The  c o a l - d e r i v e d  m a t e r i a l  
c o n t a i n s  a s u b s t a n t i a l  amount of o x y g e n ,  5 . 7  p e r c e n t  i n  t h e  S R L  
a n d  5 . 1  p e r c e n t  i n  t h e  r e c y c l e  s o l v e n t .  The s t a r t u p  s o l v e n t  h a s  
b u i l t  u p  f r o m  0 . 5  p e r c e n t  oxygen  t o  5 . 1  p e r c e n t  i n  t h e  r e c y c l e  
s o l v e n t ,  s h o w i n g  t h a t  compounds fo rmed  f rom t h e  coal h a v e  r e p l a c e d  
much of t h e  s t a r t i n g  s o l v e n t .  A l a rge  amount of t h i s  oxygen  i s  
p r e s e n t  as p h e n o l i c  compounds. 
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CORl~l?LATIONS OF OPERATING VARIABLES 

D a t a  f rom 18 r u n s ,  f r o m  the s e r i e s  of  r u n s  )I-I thi-ough 
M-23 t h a t  r e s u l t e d  i n  u s a b l e  yie1.d p e r i o d s ,  a r e  summar ized  j 11 
T a b l e s  8 ,  9 ,  a n d  10 .  C o r r e l a t i o n s  and  c u r v e s  d e v e l o p e d  f r o m  
t h e s e  d a t a  a r e  p r e s e n t e d  i n  F i g u r e s  4 t h r o u g h  11, u s i n g  s y m b o l s  
i d e n t i f i e d  i n  t h e  t ab l e s .  

The i n f l u e n c e  o f  maximum d i s s o l v e r  t e m p e r a t u r e  o n  y i e l d  
c h a r a c t e r i s t i c s  is p r e s e n t e d  i n  F i g u r e  4 a t  a 1 / 1  I I2 /CO r a t i o ,  2500 
p s i ,  and f o r  a l i m i t e d  r a n g e  o f  l i q u i d  h o u r l y  s p a c e  v e l o c i t i . e s  
a n d  s o l v e n t  t o  l i g n i t e  r a t i o s .  C o n v e r s i o n ,  a s  t o  b e  e x p e c t e d ,  
i n c r e a s e d  w i t h  i n c r e a s e d  t e m p e r n t . u r e .  However ,  y j . e ld  of l i . g h t  
o i l  p l u s  SRL d e c r e a s e d  s l i g h t l y  o v e r  t h e  t e m p e r a t u r e  r a n g e  
i n v e s t i g a t e d .  The  major  c h a n g e  was i n  i n c r e a s e d  p r o d u c t i o n  o f  
gases i n d i c a t i n g  a d d i t i o n a l  d e g r a d a t i o n  of t h e  l i g h t e r  f r a c t i o n s .  
L i t t l e  c h a n g e  was e v i d e n t  i n  u t i l i z a t i o n  of m o i s t u r e  b y  r e a c t i o n .  

The s l o p e s  of t h e  l i n e s  of F i g u r e  4 were u s e d  t o  e s t a b l i s h  
t e m p e r a t u r e  c o e f f i c i e n t s  w h i c h  were t h e n  u s e d  t o  a d j u s t  a l l  
y i e l d  d a t a  t o  t h e  same maximum d i s s o l v e r  t e m p e r a t u r e  of 826OP. 
T h e s e  a d j u s t e d  d a t a  a re  p l o t t e d  i n  F i g u r e  5 v e r s u s  l i q u i d  h o u r l y  
s p a c e  v e l o c i t y .  I n c r e a s e d  l i q u i d  s p a c e  v e l o c i t y  c o r r e s p o n d s  t o  
r e d u c e d  r e s i d e n c e  t i m e  o f  t h e  l i g n i t e - s o l v e n t  s l u r r y  i n  t h e  
d i s s o l v e r s .  C o n s e q u e n t l y ,  c o n v e r s i o n  i s  r e d u c e d ,  a l t h o u g h  o n l y  
s l i g h t l y ,  f o r  a b o u t  a 40 p e r c e n x  i n c r e a s e  i n  s p a c e  v e l o c i t y .  
Less d e g r a d a t i o n  o f  l i q u e f a c t i o n  p r o d u c t s  i s  i n d i c a t e d  by a n  
i n c r e a s e  i n  o i l  y i e l d s  a n d  a d e c r e a s e  i n  g a s e o u s  p r o d u c t s .  
Water c o n s u m p t i o n  was n e a r l y  c o n s t a n t  for t h e  c o n d i t i o n s  t e s t e d .  

The  d a t a  of F i g u r e  5 w e r e  i u r t h e r  a d j u s t e d  t o  a c o n s t a n t  
LHSV of 1 . 4 2 5 ,  t h e n  p l o t t e d  as a f u n c t i o n  of s o l v e n t / c o a l  r a t i o  
i n  F i g u r e  6 .  Y i e l d s  i n c r e a s e d  u n i f o r m l y  w i t h  i n c r e a s i n g  s o l v e n t /  
l i g n i t e  r a t i o  f r o m  1.6 t o  2 . 3 .  Consumpt ion  of mater as a 
" h y d r o g e n a t i o n "  s o u r c e  also i n c r e a s e d .  Over  t h e  r a n g e  of g a s  
c h a r g e  r a t e s  u s e d ,  t h e r e  a p p e a r e d  t o  b e  n o  s i g n i f i c a n t  e f f e c t  
of e i t h e r  g a s  r a t e  o r  gas t o  c o a l  r a t i o .  

S u f f i c i e n t  d a t a  h a v e  b e e n  a c c u m u l a t e d  a t  2500 p s i . g  and  a 
1/1 II2jCO r a t i o  t o  u t i l i z e  r e g r e s s i o n  a n a l y s i s  t o  0 b t a i . n  e q u a t i o n s  
r e l a t i n g  y i e l d s  t o  t h e  o p e r a t i n g  v a r i a b l e s  o f  masjmum reac to r  
t e m p e r a t u r e ,  l i q u i d  h o u r l y  s p a c e  v e l o c j . t y ,  a n d  so lven t /h iAF  l i g n i t e  
w e i g h t  r a t i o .  T h e s e  e q u a t i o n s  s h o u l d  b e  q u i t e  u s e f u l  i n  
v i s u a l i z a t i o n  o f  t h e  e f f e c t s  o f  p r o c e s s  v a r i a b l e s ,  a n d  are summarized 
on the  i o l l o w i n g  p a g e .  

I' 

I' 

I 
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P e r c e n t  N e t  Gas = 204.971X1 - 15.110X2 + 8.835X3 - 2 2 8 . 6 1 5  

P e r c e n t  Net O i l  = -26 .505Xl  - +8.450X2 + 8.272X3 + 7 1 . 7 5 0  

P e r c e n t  Net 1 1 ~ 0  = - 3 7 . 2 2 5 ~ ~  - - 4 . 4 6 1 ~ 2  - 9 . 7 2 4 ~ 3  + 6 3 . 6 1 7  

Temp. + 460 
1000 XI = T e m p e r a t u r e  V a r i a b l e ,  A 

XI = LIISV, H r - l  

X 3  = Solvent /MAF Coal Weight  R a t j ~ o  

S o l v e n t  r e c o v e r y  is c r i t i c a l  t o  t h e  l i q u e f a c t i o n  p r o c e s s .  
S u i t a b l e  s o l v e n t  m u s t  b e  g e n e r a t e d  f rom t h e  c o a l  s u b s t a n c e  dur i .ng  
l i q u e f a c t i o n  and  r e c o v e r e d  t o  r e p l a c e  l o s s e s .  I n f o r m a t  i o n  c o n c e r n i n g  
s o l v e n t  r e c o v e r y  is g i v e n  i n  F i g u r e  7 as a f u n c t i o n  o f  maximum ' 
d i s s o l v e r  t e m p e r a t u r e .  Shown i n  t h e  l o w e r  h a l f  o f  F i g u r e  7 i s  
t h e  t o t a l  s o l v e n t  a c c o u n t e d  f o r .  The line r e p r e s e n t  t h e  a v e r a g e  
of t h e  c a l c u l a t e d  t o t a l  s o l v e n t  p r o d u c t i o n  a t  2500 p s i g .  The 
t o t a l  i s  o v e r  100 p e r c e n t ,  i n d i c a t i n g  t h a t  a n e t  p r o d u c t i o n  of  
s o l v e n t  r a n g e  ma te r i a l  is p o s s i b l e .  However ,  t h e  e f f e c t i v e  s o l v e n t ,  
i . e . ,  t h a t  b o i l i n g  f rom a b o u t  550°F t o  850OF e q u i v a l e n t  t e m p e r a t u r e  
a t  a t m o s p h e r i c  p r e s s u r e ,  seeins  t o  r e a c h  a maximuin w i t h  a s l i g h t  
n e t  p r o d u c t i o n  a r o u n d  8200F maximum d i s s o l v e r  t e m p e r a t u r e ,  b u t  
f a l l s  be low 100 p e r c e n t  a t  t e m p e r a t u r e s  be low 8000F o r  a b o v e  8350F, 
as shown i n  t h e  u p p e r  h a l f  o f  F i g u r e  7 .  

The r u n s  made a t  l o w e r  p r e s s u r e s ,  e i . t h e r  1500 o r  2000 p s i g ,  
r e g a r d l e s s  of H2/CO r a t i o ,  resu1.t b o t h  i n  lower t o t a l  oil a n d  i n  
l o w e r  e f f e c t i v e  s o l v e n t  p r o d u c t i o n .  I n  a l l  cases t h e  y i e l d s  
were less t h a n  100 p e r c e n t  of t h e  s o l v e n t  c h a r g e d  w h i c h  j n d i c a t e s  
a n e t  s o l v e n t  c o n s u m p t i o n ,  p r o b a b l y  b e c a u s e  o f  h i g h e r  c o n v e r s i o n  
t o  g a s .  Wi th  o t h e r  r a t i o s  o f  H2/CO a t  2500 psig t h e  y i e l d s  were 
n o t  g r e a t l y  d i f f e r e n t  f r o m  t h o s e  w i t h  a 1 / 1  H2/CO r a t i o .  Wi th  
1 / 3  II2/CO r a t i o ,  t h e  e f f e c t i v e  s o l v e n t  r e c o v e r e d  was  a b o u t  t h e  
same as w i t h  1/1, t h o u g h  t h e  t o t a l  o i l  was s l i g h t l y  l e s s ,  b e c a u s e  
of  r e l a t i v e l y  less l i g h t  o i l s .  I \ ' i th  3 /1  H2/CO t h e  t o t a l  oil 
r e c o v e r y  was g r e a t e r  t h a n  w i t h  1/1, t h o u g h  t h e  e f f e c t i v e  s o l v e n t  
r e c o v e r y  was l e s s  b e c a u s e  of  i n c r e a s e d  p r o d u c t i o n  o f  l i g h t  o i 1 . s .  

The d a t a  f o r  r u n s  a t  3 / 1  H2/CO r a t i o ,  a d j u s t e d  t o  a c o n s t a n t  
d i s s o l v e r  t c m p e r a t u r e ,  LHSV and s o l v e n t  t o  c o a l  r a t i o  are p r e s e n t e d  
i n  F i g u r e  8 .  The p r e s s u r e  h a s  l i t t l e  e f f e c t  on g a s  y i e l d ,  b u t  
i n c r e a s i n g  p r e s s u r e  r e s u l t s  i n  i n c r e a s i n g  c o n v e r s i o n  a n d  e v c n  
more r a p i d l y  i n c r e a s i n g  o i l  y i e l d s .  A t  l o w e r  p r e s s u r e s  t h e r e  
is a n e t  make o f  w a t e r ,  b u t  a t  h i g h e r  p r e s s u r e s  water j.s consumed,  
t h e  c o n s u m p t i o n  i n c r e a s i n g  r a p i d l y  w i t h  p r e s s u r e .  T h i s  r e s u l t s  
i n  i n c r e a s i n g  yie16s of l i g h t  oi .1  and  S R L .  

p r e s e n t e d  i n  F i g u r e  9 .  A t  t1ij.s r a t i o  e f f e c t i v e  s o l v e n t  r e c o v e r y  
i s  less t h a n  1 0 0  p e r c e n t  e v e n  a t  2500 p s i g ,  t h o u g h  t h e  t o t a l  
o i l  r e c o v e r y  is o v e r  100 p e r c e n t  b e c a u s e  o f  t h e  r e l a t i v e l y  

The s o l v e n t r e c o v e r y  d a t a  f o r  t h e  3 /1  II2/CO r u n s  a re  
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h i g h e r  l i g h t  o i l  y i c l d  o b t a i n e d  a t  h i g h e r  hydrogen  c o n c e n t r a t i o n .  

The y i e l d s  r e s u l t i n g  f rom s e v c r a l  r u n s  made at. 2500 p s i g  
a n d  v a r y i n g  H z / C O  r a t i o  were a d j u s t e d  t o  c o n s t a n t  p a r a m e t e r  
v a l u e s  a s  i n d i c a t e d  i n  F i g u r e  1 0  and  p l o t t e d  a g a i n s t  m o l e  p e r c e n t  
hydrogen  i n  t h e  c h a r g e  g a s .  The d a t a  i n d i c a t e  an optimum a t  
a b o u t  50 t o  G O  p e r c e n t  h y d r o g e n .  O n e  r u n  innde v i t h  p u r e  1iydrop;en 
(M-20) r e s u l t e d  i n  r e l a t i v e l y  low c o n v e r s i o n  and  o i l  y i e l d .  
However, t h i . s  r u n  w a s  made a t  s u c h  a h i g h  t e m p e r a t u r e  t h a t  c o k i n g  
a n d / o r  r e p o l y m e r i z a t i o n  may h a v e  s i g n i f i c a n t l y  a f f e c t e d  t h e  
r e s u l t s .  

S o l v e n t  r e c o v e r y  d a t a  a r e  s i m i l a r l y  p l o t t e d  v e r s u s  m o l e  
p e r c e n t  hydrogen  i n  F i g u r e  11. The  optimum a l s o  a p p e a r s  t o  b e  
near G O  p e r c e n t  h y d r o g e n .  

' I heuse  of l i g n i t e  c o n t a i n i n g  i t s  n a t u r a l  i n o i s t u r e  ( a b o u t  
30 w e i g h t  p e r c e n t  as c h a r g e d  t o  t h e  PDU) and s y n t h e s i s  g a s  
c o n t a i n i n g  c a r b o n  monoxide  r e s u l t s  i n  s u b s t a n t i a l  p r o d u c t i o n  o f  
ca rbon  d i o x i d e .  The  p r o d u c t  g a s  also c o n t a i n s  l i g h t  h y d r o c a r b o n s  
r e s u l t i n g  f rom t h e  b reakdown o f  t h e  c o a l  s u b s t a n c e  a n d  o f  t h e  
s o l v e n t .  The y i e l d s  of c a r b o n  d i o x i d e  and  o f  C l  to C 3  h y d r o c a r b o n s  
seem t o  b e  e s s e n t i a l l y  l i n e a r  € u n c t i o n s  o f  maximum d j . s s o l v e r  
t e m p e r a t u r e  f o r  t h e  2500 p s i g  1/1 H2/CO o p e r a t i o n s .  V a r i a b l e s  
o t h e r  t h a n  t e m p e r a t u r e  seem t o  h a v e  l i t t l e  e f f e c t .  The  y i e l d s  of 
C 1  t o  C3 h y d r o c a r b o n s  r a n g e  f rom a l m o s t  zero a t  76OoF t o  a b o u t  
12 w e i g h t  p e r c e n t  of t h e  h i A F  l i g n i t e  a t  S80@F, w h i l e  C02 y i e l d s  
r a n g e  f r o m  a b o u t  1 2  w e i g h t  p e r c e n t  of t h e  MAF l i g n i t e  t o  6 5  p e r c e n t  
over  t h e  same t e m p e r a t u r e  i n t e r v a l .  Lower p r e s s u r e s  and 3 / 1  o r  
1/3 H2/CO r a t i o s  h a v e  l i t t l e  e f f e c t  on  C1 t o  C3 h y d r o c a r b o n  y i e l d s .  
A t  t h e  h i g h e r  t e m p e r a t u r e s  d e c r e a s i n g  t h e  amount of CO d e c r e a s e s  
C02 y i e l d s ,  whi l e  i n c r e a s i n g  CO increases  C02 y i e l d s .  One r u n  
made w i t h  p u r e  h y d r o g e n  r e s u l t e d  i n  a v e r y  low C02 y i e l d  and  a 
h i g h  g a s  y i e l d ,  b u t  a g a i n  t h i s  was  a t  s u c h  a h i g h  t e m p e r a t u r e  
l e v e l  t h a t  o t h e r  e f f e c t s  may a l s o  h a v e  become s i g n i f i c a n . t .  

I t  now a p p e a r s  t h a t  f o r  t h i s  p a r t i c u l a r  r e a c t o r  c o n f i g u r a t i o n  
a n d  l i m i t a t i o n s ,  optimum r e s u l t s  w i l l  b e  o b t a i n e d  a t  2500 p s i g  
w i t h  50 t o  60 p e r c e n t  hydrogen  i n  t h e  c h a r g e  g a s  u s i n g  o n e  r e a c t o r  
c o r r e s p o n d i n g  t o  a l i q u i d  ( s l u r r y )  h o u r l y  s p a c e  v e l o c i t y  o f  a b o u t  
1 . 4 .  The  e f f e c t s  of s o l v e n t / c o a l  r a t i o  h a v e  n o t  becsn e v a l u a t e d  
c o m p l e t e l y ,  b u t  it a p p e a r s  t h a t  t h e  lower t h e  ~ r a t j o  t h e  b e t t e r  
t h e  s o l v e n t  r e c o v e r y ,  which  means t h a t  t h e  t h i c k e s t  s l u r r y  t h a t  
c a n  b e  h a n d l e d  s h o u l d  b e  c h a r g e d .  
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PLANS IWR FUTURE \CORK 

The P r o j e c t  L i g n j . t e  work h a s  b e e n  e x t e n d e d  foi-  a n  a d d i t i o n a l .  
y e a r  t o  c o n t i n u e  t h e  d e v e l o p m e n t  of t h e  p r o c e s s .  The e f f o r t  w i l l  
b e  c o n c e n t r a t e d  on  p r o v i n g  t h e  o p e r a b i l i t y  o f  t h e  u n i t  i n  r u n s  o f  
l o n g e r  d u r a t i o n  a n d  i n  e v a l u a t i n g  t h e  s o l i d - l i q u i d  s e p a r a t i o n s  
s y s t e m .  

A series of  t h r e e  one-month l o n g  r u n s  is p l a n n e d  o v e r  a 
6-months p e r i o d  t o  e s t a b l i s h  t h e  e f f e c t s  o f  c o n t i n u i n g  t o  r e c y c l e  
t h e  l i g n i t e - d e r i v e d  p r o c e s s  s o l v e n t  and  d e m o n s t r a t e  t h e  s e l f -  
s u f f i c i e n c y  o f  t h e  p r o c e s s  w i t h  r e s p e c t  t o  l i q u e f a c t i o n  s o l v e n t .  
The g a s  c l e a n u p  a n d  r e c y c l e  s e c t i o n  w i l l  b e  o p e r a t e d  o n  at  l e a s t  
o n e  e x t e n d e d  r u n  t o  d e t e r m i n e  makeup g a s  r e q u i r e m e n t s  a n d  t h e  
e f fec t  o f  a n y  i m p u r i t i e s  r e m a i n i n g  i n  t h e  r e c y c l e  g a s .  The 
s o l i d - l i q u i d  s e p a r a t i o n s  s y s t e m  w i l l  b e  o p e r a t e d  i n t e g r a l l y  w i t h  
t h e  PDU t o  p r o d u c e  c l e a n  SRL. 

A s  a p a r t  o f  t h i s  p r o g r a m ,  p r e s t r e s s e d  t e s t  c o u p o n s  w i l l  
b e  p l a c e d  i n  p r o c e s s  streams t o  d e t e r m i n e  t h e i r  s u s c e p t i b i l i t y  
t o  c o r r o s i o n  i n  t h e  p r o c e s s  e n v i r o n m e n t .  An a t t e m p t  w i l l  a l s o  
b e  made t o  s t u d y  t h e  b u i l d u p  of s o l i d s  i n  t h e  d i s s o l v e r ,  a 
problem t h a t  h a s  s e r i o u s  i m p l i c a t i o n s  f o r  l o n g - t e r m  s t e a d y  
o p e r a t i o n  o f  t h e  PDU. The ra te  o f  b u i l d u p  and c o m p o s i t i o n  w i l l  
b e  d e t e r m i n e d  a n d  means of a l l e v i a t i n g  t h e  p r o b l e m  w i l l  b e  
c o n s i d e r e d .  

The l o n g  r u n s  s h o u l d  a l s o  p r o v i d e  a means of p r o d u c i n g  s u b -  
s t a n t i a l  amounts  of c l e a n  SRL f o r  e v a l u a t i o n  by o t h e r  ERDA c o n t r a c t s  
f o r  v a r i o u s  e n d  u s e s .  

A l o n g e r  r a n g e  g o a l  of t h e  i n v e s t i g a t i o n ,  n o t  i n c l u d e d  i n  
t h e  c u r r e n t  e x t e n s i o n ,  is t h e  h y d r o t r e a t j n g  of SRL t o  h y d r o c a r b o n  
l i q u i d s .  T h i s  h a s  b e e n  c a r r i e d  o u t  i n  t h e  l a b o r a t o r y  b u t  removed 
f rom t h e  PDU p r o g r a m .  C e r t a i n  o t h e r  p r o g r a m s  s h o u l d  a l s o  b e  
c a r r i e d  o u t  i n c l u d i n g  m o d i f i e d  d i s s o l v e r  d e s i g n ,  h y d r o t r e a t i n g  o f  
r e c y c l e  s o l v e n t ,  a n d  t e s t i n g  of o t h e r  coals  i n  t h e  p r o c e s s .  I n  
g e n e r a l ,  t h e  PDU is a u s e f u l  d e v e l o p m e n t a l  t o o l  t h a t  c o u l d  t e s t  
many i n n o v a t i o n s  i n  p r o c e s s  t e c h n o l o g y  i n  t h e  u p g r a d i n g  o f  l i g n i t e .  
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TABLE 1’- O P E R A T I N G  1IATI’:S AND R A T I O S  

L i g n i t e  (31. 5% h l o i s t u r e )  4 4 . 7 5  l b / h r  
Gas (24% CO, 7G5 H2) 1 1 . 5 4  I b / h r  

L i q u e f a c t i o n  Sol v e n t  81 .3  l b / h r  
D e a s h i n g  S o l v e n t  (To1.uene) 111.. 0 I b / h r  
Rat j -os  a n d  S p a c e  Ve loc i t i e s  

S l u r r y  r a t e ,  LHSV 1 . 3 4  h r - 1  

S o l v e n t / c o n l  r n t i . 0  1 . 8 2  
T o l u e n e / s l u r r y  r a t i o  3 .  G ( a p p r o x .  ) 

531 SCFH 

G a s  R a t e  ( i n  SCF) 374  hr-1 

TABLE 2 - O P E R A T I N G  TE61PERATURES AND PRESSURES 

D i s s o l v e r  P r e h e a t e r  E - 1  I n l e t  

D i s s o l v e r  R - 1 A  f rom Bottom 3 f t  
7 f t  

11 f t  
1 5  f t  

O u t  1 et 

S e p a r a t o r s  S-1 
s -2  
s - 3  
S-4A 

TeinpOF 
2S9 
747 
752 
779 
793 
802  
574 

76  
479 

7 8  

P a r t i a l  Flasl i  F-0 O v e r h e a d  471  
Bo t  toms 340 

Vacuum F l a s h  F-1 Vapor 554 
Upper  IVa 1 1 626 

S o l i d s - L i q u i d s  S e t t l i n g  Tower V - 8  378 
T o l u e n e  Recovery  Tower V-9 444 
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P r e s s u r e ,  
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 

2 50 
60 

1 5  T o r r  
15 T o r r  
1 5  T o r r  
15 T o r r  

300 p s i g  
2 p s i g  



TABLE 3 - FEED MATERIALk 

L i g n i t e  
Nor th  Amer ican  Coa l  Co. ,  Zap,  N.D. 
S c r e e n  s i ze  90%-200 mesh, 100%-60 mesh 
M o i s t u r e .  3 1 . 5 %  
U l t i m a t e  A n a l y s i s  (% I t )  

C 4 6 . 2 1  
H 6 . 4 2  
N 0 . 6 6  
S 0 . 4 4  
0 ( d i f f )  4 0 . 5 4  
Ash 5 . 7 3  

Feed Gas ( m i x e d  f r o m  t a n k  t r a i l e r s )  
% V O l .  % Wt. 

co 2 4 . 0  8 1 . 4  
H2 7 6 . 0  1 8 . 6  

S t a r t u p  l i q u e f a c t i o n  s o l v e n t  
Gulf O i l  Co. FS-120 c a t .  c r a c k e r  r e c y c l e  s t o c k  
B o i l i n g  r a n g e  ( 1 . 6  Torr) FS-120 R e c  y c 1 e 

S t a r t u p  S o l v e n t  
0 -1oooc  5 . 0 %  3 0 . 0 %  

100-230°C 8 3 . 6  5 7 . 7  
230-255OC 1 1 . 4  11.8 

S p e c i f i c  G r a v i t y  1 . 0 4 3  0 . 9 8 8  

I 

I 

t 

I 
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TABLE 4 - NET YIELD OF PRODUCTS 

l b / h r  l b / 1 0 0  l b  M A F  L i g n i t e  
Gas 7 . 8 7  2 8 . 0  
L i g h t  O i l  (0-1OOOC a t  1 . 6  T o r r )  1 . 4 2  5 . 1  
L i q u e f a c t i o n  S o l v e n t  ( 100-230°c 1 . 7 1  

Heavy O i l  (230°-2550C a t  1 . 6  0 . 5 6  

SRL 1 5 . 2 1  
U n r e a c t e d  L i g n i t e  2 . 9 9  
Water Consumed 1 . 6 7  

a t  1 . 6  T o r r )  

T o r r )  

6 . 1  

2 . 0  

5 4 . 1  
1 0 . 2  

5 . 9  

TABLE 5 - GAS MATERIAL BALANCE FOR GAS COIilPONENTS 

H2 co 
Vol 4% I n  Vol $ Out l b / h r  I n  l b / h r  O u t  

7 6 . 2  6 6 . 2  2 . 1 5  1 . 8 4  
2 3 . 8  1 4 . 7  9 . 3 9  5 . 7 0  

1 3 . 8  - 9 . 9 3  
- 0.1  - 0 . 1 3  
- 3 . 8  - 0 . 9 3  

1 . 0  - 0 . 5 2  
- 0 . 2  - 0 . 2 2  
- 0 . 0 3  - 0 . 0 4  

- 

- 

TABLE 6 - ANALYSIS OF PRODUCT SRL 

B o i l i n g  Range F r a c t i o n ,  w t  % 

SRL 
Unconver t ed  C o a l ,  w t  S 
Ash, w t  % 
G r a d i e n t  Ba r  M e l t i n g  P o i n t  O F  
P y r i d i n e  S o l u b l e s ,  w t $  a s h - f r e e  
S p e c i f i c  G r a v i t y  
Heat o f  Combus t ion ,  B t u / l b  

255OC ( 1 . 6  T o r r )  

F-1 Vacuum 
Bot toms  

(me a P iir ed ) 

0 
7 7 . 2 2  
1 5 . 3 0  

7 . 4 8  
3270 

8 3 . 5  
1 . 2 8  

1 4 , 3 3 0  

C 
H 
N 
S 

Ash 
O* 

SEL 
( c a  l e u  1 a t e d  ) 

0 

0 
0 

100 
1 . 2 5  

1 5 , 9 9 0  

1 0 0 . 0  

- 

TABLE 7 - ULTIMATE ANALYSIS OF MATERIALS 

L i c n i t e  S t a r t i n g  R e c y c l e  Vacuum Deashed  
Charged  Solvent -  S o l v e n t  Bo t toms  SRL -- 

4 6 . 2 1  8 9 . 0 5  8 3 . 5 6  80.09 8 6 . 5 6  
6 . 4 2  8 .12  9 . 8 4  5 . 2 6  5 . 6 9  
0 . 6 6  0 . 1 4  0 . 2 1  0 . 9 5  1 . 0 3  
0 . 4 4  2 . 1 9  1 . 2 7  0 . 9 4  1 . 0 2  

4 0 . 5 4  0 . 5 0  5 . 1 2  5 . 2 8  5 . 7 0  
5 . 7 3  0 0 7 . 4 8  0 

*By d i f f e r e n c e  
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MINERAL MATTER EFFECTS I N  COAL LIQUEFACTION 

1. AUTOCLAVE SCREENING STUDY* 

Barry Granoff and Michael G. Thomas 
Geo Energy Technology Department 

Sandia Labora tor ies  
Albuquerque, N e w  Mexico 87115 

INTRODUCTION 

Severa l  p rocesses  have been developed f o r  conver t ing  c o a l s  t o  l i q u i d  
f u e l s .  In order  t o  produce a pumpable, environmental ly  a c c e p t a b l e  f u e l ,  
i t  i s  necessary t o  understand how t h e  p r o p e r t i e s  of t h e  feed  c o a l s  a f f e c t  
the  composition of t h e  r e s u l t i n g  l i q u i d  products  -- e s p e c i a l l y  t h e  v iscos-  
i t y  and s u l f u r  conten t .  I t  has  been shown, f o r  example, t h a t  t h e  pe t ro-  
graphic  (maceral)  composition of t h e  feeds tock  p l a y s  a s i g n i f i c a n t  r o l e  
i n  coa l  conversion processes.‘-’ 
not been as c l e a r l y  def ined  or  a s  e x t e n s i v e l y  s t u d i e d .  

The r o l e  of minera l  m a t t e r ,  however, has  

Mukherjee and Chowdhury showed t h a t  t h e  e x t e n t  of convers ion  t o  l i q u i d  
products  increased  wi th  both  ash conten t  and wi th  t h e  c o n c e n t r a t i o n  of i ron  
and t i t a n i u w 3  Iron, as contained i n  t h e  r e s i d u e s  from c o a l  l i q u e f a c t i o n  
experiments ,  has  been shown t o  i n c r e a s e  t h e  hydrogen t r a n s f e r  c a p a c i t y  of 
anthracene It was found t h a t  p y r i t e ,  and s o l i d s  from t h e  SRC 
(Solvent Refined Coal) process  had a s i g n i f i c a n t  e f f e c t  on t h e  hydrogena- 
t i o n  of c r e o s o t e  o i l ,  and t h a t  c o a l  a s h ,  reduced i r o n  and SRC s o l i d s  
exhib i ted  a cons iderable  a c t i v i t y  f o r  d e s u l f u r i z a t i o n .  In t h a t  same s tudy,  
i t  was shown t h a t  t h e  conversion of a Kentucky No. 9 / 1 4  c o a l  t o  c reso l -  
so lubles  was dependent upon minera l  conten t .  

I t  i s  c l e a r  from the  publ ished d a t a  t h a t  c o a l  m i n e r a l s  may p lay  a 
s i g n i f i c a n t  r o l e  i n  l i q u e f a c t i o n  processes .  It  i s ,  t h e r e f o r e ,  important  
t o  e s t a b l i s h  p r e d i c t i v e  c o r r e l a t i o n s  between mineral  c o n t e n t  and l i q u i d  
product composition. Our s t u d i e s  on mat te r  e f f e c t s  i n  c o a l  hydrol iquefac-  
t i o n  have been d i r e c t e d  toward t h i s  o b j e c t i v e .  We u t i l i z e d  ba tch  au toc lave  
experiments, under c l o s e l y  c o n t r o l l e d  condi t ions  of temperature ,  hea t ing  
r a t e ,  p r e s s u r e  and r e s i d e n c e  t i m e ,  t o  e v a l u a t e  t h e  r e a c t i v i t i e s  of s e v e r a l  
coa ls  having s i m i l a r  pe t rographic  composition b u t  widely vary ing  mineral  
content .  This  paper w i l l  p r e s e n t  t h e  au toc lave  screening  d a t a  t h a t  have 
been obtained i n  t h e  f i r s t  phase of our  program. We w i l l  r e l a t e  v i s c o s i t y ,  
s u l f u r  conten t  and conversion t o  the  minera l  conten t  of t h e  feed c o a l s .  ’ 

* T h i s  work supported by the  U.S. Energy Research and Development 
Adminis t ra t ion 
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EXPERIMENTAL 

The c o a l s  used i n  t h e  au toc lave  screening  s t u d i e s  a r e  l i s t e d  i n  Table 
1. They were pulver ized  t o  minus 100 mesh and s t o r e d  under argon i n  poly- 
e thylene  c o n t a i n e r s .  Each sample w a s  thoroughly homogenized p r i o r  t o  use. 
Proximate, u l t i m a t e  and s u l f u r  forms a n a l y s e s  are given i n  Table 2, and 
t h e  pe t rographic  (maceral)  composition of each sample i s  shown i n  Table 3. 
A l l  of t h e  c o a l s  used i n  t h i s  s tudy  were h igh  v o l a t i l e  bi tuminous,  wi th  
widely vary ing  s u l f u r  and a s h  conten ts .  
(%OX) v i t r i n i t e  c o n t e n t s  and were r e l a t i v e l y  low i n  f u s i n i t e  and micrin- 
i te.  It was f e l t  t h a t  t h e s e  c o a l s  would provide a va luable  test  mat r ix  
f o r  s tudying  minera l  matter e f f e c t s  because they were a l l  of similar rank, 
geologica l  o r i g i n  and pe t rographic  composi t ion,  but  var ied  cons iderably  
i n  ash conten t .  

Most of  the  samples had high 

Mineral  m a t t e r  conten t  was determined by x-ray d i f f r a c t i o n  a n a l y s i s  
The samples were prepared by ash ing  t h e  coa ls  of low tempera ture  ash.6-7 

a t  a low tempera ture  (<lOO°C) i n  a radiofrequency f i e l d ,  us ing  a Tracer lab  
Low Temperature Asher (LTA 600). The RF power w a s  200-250 w a t t s ,  t h e  oxygen 
flow r a t e  60-80 cm3/min and t h e  t o t a l  ash ing  t i m e  48-96 hours .  C a l i b r a t i o n  
curves f o r  t h e  q u a n t i t a t i v e  a n a l y s i s  of  q u a r t z ,  c a l c i t e  and p y r i t e  were pre- 
pared, us ing  n i c k e l  o x i d e  a s  an i n t e r n a l  s tandard .  The c l a y s  were analyzed 
by using t a l c  a s  an i n t e r n a l  s tandard .  K a o l i n i t e  was d i s t i n g u i s h e d  from the 
mixed l a y e r  c l a y s  by expanding t h e  b a s a l  l a y e r s  of t h e  l a t t e r  wi th  e thylene  
glycol .  R e s u l t s  of t h e s e  ana lyses  a r e  given i n  Table 4 a s  a weight percent  
of the  c o a l  on  a dry  b a s i s .  Also included in t h i s  t a b l e  f o r  comparison, 
a r e  va lues  f o r  p y r i t e  t h a t  were computed from t h e  p y r i t i c  s u l f u r  conten t  
shown i n  Table 2. 

The s o l v e n t  ( v e h i c l e )  used f o r  t h e  l i q u e f a c t i o n  runs  i n  t h i s  s tudy 
was c r e o s o t e  o i l  (No. 4 c u t ) ,  which w a s  ob ta ined  from t h e  R e i l l y  Tar and 
Chemical Co. T h i s  o i l  had a s p e c i f i c  g r a v i t y  of  1 . 1 2  and a b o i l i n g  range 
of 270-400OC. 

A l l  of t h e  experiments  were c a r r i e d  o u t  i n  a o n e - l i t e r  (Autoclave 
Engineers, Inc . )  magne-drive au toc lave ,  equipped wi th  a t u r b i n e  a g i t a t o r .  
A s t a i n l e s s  s tee l  l i n e r ,  wi th  an e f f e c t i v e  working volume of  approximately 
0.7 l i ter ,  w a s  used i n  order  to  f a c i l i t a t e  loading  and unloading,  and t o  
improve t h e  m a t e r i a l  a c c o u n t a b i l i t y .  The i n s i d e  sur face  of t h i s  l i n e r  was 
cleaned by bead-b las t ing  a f t e r  each run.  
and c o n t r o l l e d  by d u a l  chromel-alumel thermocouples; t h e  p r e s s u r e  was 
monitored wi th  a 0-5000 p s i g  t ransducer .  The temperature  and p r e s s u r e  
were recorded cont inuous ly .  

The temperature  w a s  monitored 

I n  a t y p i c a l  experiment ,  t h e  au toc lave  (wi th  s t e e l  l i n e r  i n  p lace)  

The system was purged wi th  i n e r t  
was charged w i t h  50.0 g ( d a f  b a s i s )  of c o a l  and 115.0 g of c r e o s o t e  o i l ,  
and the  mixture  was s t i r r e d  a t  500 rpm. 
gas and l e a k  t e s t e d  a t  2000 ps ig .  The system w a s  then purged wi th  hydrogen, 
charged t o  t h e  d e s i r e d  i n i t i a l  (co ld)  p r e s s u r e ,  which was c o n t r o l l e d  t o  f 2  
p s i g ,  and l e a k  t e s t e d  aga in .  The au toc lave  conten ts  were hea ted  t o  the  
des i red  o p e r a t i n g  temperature  (nominal ly  43OoC) over a per iod of  approxi- 
mately one hour. The temperature  dur ing  t h e  (30 min.) run was manually 
c o n t r o l l e d  t o  23OC. No a d d i t i o n a l  hydrogen was added during t h e  run,  and 
t h e  p r e s s u r e  dropped g r a d u a l l y  as the hydrogen w a s  consumed. A t  the  end 
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1 Table 1 

Coals Used i n  t he  Autoclave Screening Study 

Sample No. S t a t e  Seam Mine 

~ 9 8 -  76 Kentucky No. 11 Fies  

(88-64 Kentucky No. 11 Homestead 

~ 9 8 -  54 West V i r g i n i a  P i t t s b u r g h  I r e l a n d  

G98- 57 I l l i n o i s  NO. 6 Or ien t  4 

~98- 82 Pennsylvania P i t t s b u r g h  Brucet on 

G98- 71 Kentucky Elkhorn No. 3 Guaranty 
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Table 2 

Analyses of Coals Used i n  t h e  Autoclave Screening Studya 

Kentucky Kentucky Kentucky 
No. 11 No. 11 West I l l i n o i s  Pennsyl- Elkhorn 
(F ie s )  (Homestead) Virginia No. 6 vania No. 3 

Proximate Analysis 

Vola t i le  Matter 39.01 39.24 41.32 36.69 38.11 36.83 

Ash 17.19 12.89 9.95 10.71 3.70 4.36 
Fixed Carbon 43.80 47.87 48.73 52.60 58.19 58.81 

Ultimate Analysis 

Carbon 64.77 68.80 72.64 71.48 81.71 80.36 

Nitrogen 1.24 1.43 1.27 1.45 1.64 1.88 
Hydrogen 4.65 4.78 5.19 4.89 5.35 5.45 

S u l f u r  6.11 4.88 4.44 3.00 1.05 0.78 
Oxygen (difference) 5.95 7.22 6.45 8.47 6.49 7.17 
Ash 17.19 12.89 9.95 10.71 3.70 4.36 

Sulfur Forms 

P y r i t i c  3.68 2.41 1.48 1.27 0.30 0.08 
Sulfa te  0.11 0.11 0.41 0.09 0.02 0.00 

Tot a 1  6.11 4.88 4.44 3.00 1.05 0.78 
Organic 2.32 2.36 2.55 1.64 0.73 0.70 

a 
A l l  data a re  on a dry bas i s .  
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Of t h e  experiment t h e  furnace  w a s  lowered. 
the c o n t e n t s  of t h e  au toc lave  were allowed t o  c o o l  to  room temperature  
Overnight. The overhead gases  were s lowly vented through two c a u s t i c  
Scrubbers ,  and t h e  system was purged with i n e r t  gas .  The r e a c t i o n  
products  were removed and weighed. A summary of t h e  o p e r a t i n g  c o n d i t i o n s  
used i n  a l l  of  t h e  au toc lave  screening  experiments  i s  g iven  i n  Table 5. 

S t i r r i n g  w a s  cont inued ,  and 

The l i q u i d  product  from each run was f i l t e r e d  hot  (60-1OO0C) under 
n i t rogen  (80-120 p s i g ) ,  us ing  a jacke ted  ( b r a s s )  p r e s s u r e  f i l t e r .  I n  
some cases ,  due  t o  t h e  h igh  v i s c o s i t y  of t h e  l i q u i d  o r  t h e  g e l a t i n o u s  con- 
s i s t e n c y  of t h e  r e s i d u e ,  i t  was not  p o s s i b l e  t o  f i l t e r  t h e  product .  In 
these  s i t u a t i o n s ,  c e n t r i f u g a t i o n  (40 min a t  2500 rpm) was used t o  accom- 
p l i s h  s o l i d s  s e p a r a t i o n ,  but  t h i s  w a s  no t  a s  e f f e c t i v e  f o r  ash  removal a s  
was f i l t r a t i o n .  

The f i l t e r  cake ( r e s i d u e ) ,  c o n s i s t i n g  of  unreacted c o a l  and minera l  
mat te r ,  w a s  washed s e v e r a l  t i m e s  wi th  acetone.  I t  was then d r i e d  over- 
n i g h t  i n  a vacuum oven a t  105OC. 
ing powder, w a s  ashed a t  775OC. 
on a dry ,  ash- f ree  (daf )  b a s i s ,  was then c a l c u l a t e d  by means of  a forced  
ash  balance. '  

The r e s u l t i n g  d r y  r e s i d u e ,  a f r e e l y  flow- 
The e x t e n t  of conversion t o  l i q u i d  products ,  

The v i s c o s i t y  of t h e  f i l t e r e d  l i q u i d  product  was measured a t  6OoC 
with a Brookfield viscometer  t h a t  was equipped wi th  a s m a l l  sample adapter .  
The es t imated  p r e c i s i o n ,  based on r e p l i c a t e  measurements on c e r t i f i e d  
s tandards ,  w a s  ?5%. 

The s u l f u r  conten t  of  t h e  f i l t e r e d  l i q u i d  product  was obta ined  wi th  
a Leco au tomat ic  s u l f u r  a n a l y z e r ,  u s i n g  a combustion iodometr ic  procedure.  
Repl ica te  ana lyses  w e r e  c a r r i e d  out  on samples whose s u l f u r  c o n t e n t s  had 
been independent ly  determined by t h e  s tandard  Eschka method (ASTM D271-70). 
The Leco r e s u l t s  w e r e  w i t h i n  f0.05% (absolu te)  of t h e  Eschka d a t a .  

RESULTS AND DISCUSSION 

The d a t a  from t h e  au toc lave  screening  experiments  a r e  shown i n  Table  
6. A l l  of t h e  l i q u i d  products  were f i l t e r a b l e  except  f o r  t h e  one obta ined  
from t h e  Kentucky Elkhorn c o a l ,  i n  which c a s e  c e n t r i f u g a t i o n  w a s  r e q u i r e d  
f o r  s o l i d s  s e p a r a t i o n .  The v i s c o s i t i e s  of t h e  l i q u i d  products  v a r i e d  by 
more than a n  order  of magnitude. 
appeared t o  c o r r e l a t e  w e l l  wi th  t h e  marked d e c r e a s e s  i n  t h e  minera l  conten t  
of t h e  feed c o a l s  (Table  6). Since  t h e  c o a l s  had s i m i l a r  maceral  composi- 
t i o n s  (Table 3) and a l l  au toc lave  runs were c a r r i e d  out  under c l o s e l y  con- 
t r o l l e d  condi t ions ,  i t  may be concluded t h a t  t h e  v a r i a t i o n s  i n  product  
v i s c o s i t y  were t h e  r e s u l t  of a minera l  mat te r  e f f e c t .  Thus, changes i n  
mineral  composition had a s u b s t a n t i a l  e f f e c t  on t h e  q u a l i t y  (e .g . ,  pump- 
a b i l i t y )  of t h e  r e s u l t i n g  l i q u i d  product  .* 

The observed i n c r e a s e s  i n  v i s c o s i t y  

*Anci l lary experiments  have shown that  t h e  product  v i s c o s i t y  w a s  s t r o n g l y  
dependent upon t h e  preasphal tene  ( p y r i d i n e  soluble-benzene i n s o l u b l e )  
c o n t e n t , g  which, i n  tu rn ,  w a s  r e l a t e d  t o  t h e  minera l  conten t  of t h e  feed  
coa ls .  
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Table 5 

Condit ions Used i n  t h e  Autoclave Screening Experiments 

Coal charge 

Solvent ( c r e o s o t e  o i l )  charge 

Coal p a r t i c l e  s i z e  

I n i t i a l  ( c o l d )  p r e s s u r e  

Heatup time 

Temperature (nominal)  

Reaction t ime  (nominal)  

Mixing speed 

50.0 g (daf  b a s i s )  

115.0 g 

through 100 mesh 

1000 p s i g  H2 

60 min 

430°C 

30 min 

500 rpm 

c' 
II' 
E 
I 

1, 

I 

I 

E 

190 

P 
I 
1. 
I 

I, 
I' 



o o m  
m o l n  
J O c -  d d  

N 
W 

2 a, 

c- 
W 

a, a, 

f m 

19 1 

ln ln 

c3P % cu 

ln 

0 
? 2  p 

h s 



It may be  assumed t h a t  t h e  s u l f u r  i n  the  l i q u i d  product  was primar- 
i l y  organic  s u l f u r ,  s i n c e  t h e  inorganic  forms ( p y r i t i c  and s u l f a t e )  were 
concentrated i n  t h e  i n s o l u b l e  r e s i d u e s .  From t h e  d a t a  shown i n  Table  6 ,  
i t  can  be seen t h a t  t h e  l i q u i d s  wi th  t h e  lowest  s u l f u r  c o n t e n t s  were 
obtained from t h e  c o a l s  t h a t  had t h e  lowest  organic  s u l f u r  c o n t e n t s .  The  
f r a c t i o n a l  d e c r e a s e  i n  organic  s u l f u r ,  however, w a s  h i g h e s t  f o r  t h e  
Kentucky No.  11, West V i r g i n i a  and I l l i n o i s  No. 6 c o a l s .  Thus, t h e  c o a l s  
with t h e  h i g h e s t  minera l  c o n t e n t s  appeared t o  be t h e  most r e a c t i v e  ones 
with r e s p e c t  t o  organic  s u l f u r  removal. This  observa t ion  i s  i n  agreement 
with t h e  work r e p o r t e d  by T a r r e r ,  et&., 
coal  minera ls  c a t a l y z e d  the  hydrodesul fur iza t ion  of c r e o s o t e  o i l .  Our 
d a t a  (Table 6) would suggest  t h a t  p y r i t e  could have been a c t i v e  i n  t h i s  
r e s p e c t ,  bu t  o t h e r  work has  shown t h a t  p y r i t e  may not  be  a c t i v e  f o r  
d e s u l f u r i z a t i o n .  ' l o  Fur ther  experimental  work w i l l  be  requi red  t o  es tab-  
l i s h  t h e s e  i d e a s  i n  a more q u a n t i t a t i v e  manner. 

where i t  was shown t h a t  c e r t a i n  

The p e r c e n t  conversion to  l i q u i d  products  were, wi th  t h e  except ion 
of t h e  Kentucky Elkhorn c o a l ,  f a i r l y  h igh  (Table 6) .  S ince  c o a l  d i sso lu-  
t i o n  is very  r a p i d  under the  c o n d i t i o n s  of temperature ,  p r e s s u r e  and 
res idence  t i m e  used i n  t h i s  s tudy , '  and s i n c e  h i g h - v i t r i n i t e  c o a l s  a r e  
r e a c t i v e  i n  l i q u e f a c t i o n  processes , '  i t  is not  s u r p r i s i n g  t h a t  t h e  conver- 
s i o n s  were h igh .  The somewhat g r e a t e r  conversion f o r  t h e  Kentucky No. 11 
coals  could have been a r e s u l t  of t h e  increased  minera l  c o n t e n t ,  b u t  it i s  
not  c l e a r  t h a t  t h e  observed d i f f e r e n c e s  were s t a t i s t i c a l l y  s i g n i f i c a n t .  
The extremely low r e a c t i v i t y  of t h e  Elkhorn c o a l ,  however, w a s  probably 
due t o  t h e  cons iderably  lower v i t r i n i t e  conten t .  

The a u t o c l a v e  screening  s tudy  has  provided d a t a  t h a t  show a gnnd 
c o r r e l a t i o n  between minera l  composi t ion of t h e  feed c o a l  and product  
q u a l i t y  ( s u l f u r  conten t  and v i s c o s i t y ) .  I n  o r d e r  t o  pursue t h e s e  concepts  
i n  g r e a t e r  d e t a i l ,  s e v e r a l  experiments  have been i n i t i a t e d  wi th  c o a l s  
( I l l i n o i s  No. 6 and Kentucky No. 11) i n  which t h e  minera l  conten t  has  been 
purposefu l ly  a l t e r e d .  This  was accomplished by: (1) adding pure  minera l  
c o n s t i t u e n t s  t o  t h e  feed  coa l ;  and (2) removing minera l  mat te r  by both 
chemical (ac id  e x t r a c t i o n )  and p h y s i c a l  ( f r o t h  f l o t a t i o n )  techniques .  
Prel iminary d a t a  have confirmed s e v e r a l  of t h e  t e n t a t i v e  conclus ions  
reached i n  t h e  a u t o c l a v e  screening  s tudy .  
when complete. 

SUMMARY 

These r e s u l t s  w i l l  be  documented 

Severa l  h i g h - v o l a t i l e  bi tuminous c o a l s  were h y d r o l i q u i f i e d ,  i n  a 
o n e - l i t e r  a u t o c l a v e ,  a t  a temperature  of 43OoC, i n i t i a l  (co ld)  H2 p r e s s u r e  
of 1000 p s i g  and r e s i d e n c e  time of 30 min. All experiments  w e r e  c a r r i e d  
out  i n  c r e o s o t e  o i l  as t h e  s o l v e n t ,  a t  a so1vent :coal  r a t i o  of 2 . 3 : l .  
The feed  c o a l s  ranged i n  mineral  conten t  from 21% t o  5%, and i n  s u l f u r  
conten t  from over  6% t o  under 1%. The c o a l s  had similar maceral  d i s t r i b u -  
t i o n s ,  and most were v i t r i n i t e - r i c h  (>85%). Conversions, c a l c u l a t e d  
by an a s h  ba lance  on t h e  acetone-washed r e s i d u e s ,  v a r i e d  from 62 t o  94%. 
The l i q u i d  p r o d u c t s  were assessed  i n  terms of s u l f u r  conten t  and (Brookfield) 
v i s c o s i t y .  The s u l f u r  conten ts  ranged from 0.43 t o  0.69%; t h e  v i s c o s i t i e s  
( a t  6OoC) v a r i e d  from 7 5  to  761 cps .  A good c o r r e l a t i o n  w a s  found between 
t h e  minera l  c o n t e n t  of t h e  feed c o a l  and t h e  e x t e n t  of organic  s u l f u r  
removal and product  v i s c o s i t y .  The h i g h e s t  convers ions  were found f o r  t h e  
c o a l s  having t h e  h i g h e s t  mineral  conten ts .  
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